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A b s t r a c t
With the rapid spread in use of polymers the study of diffusion in them is becoming 
increasingly important. For a number of industrial processes diffusion coefficients 
and elemental distributions need to be quantified precisely. From a more scientific 
approach accurate models need to be devised to describe the various diffusion mech­
anisms involved as well as the concentration and temperature dependencies of the 
diffusion coefficients. Using ion beam analysis techniques (Rutherford Backscatter­
ing and Nuclear Reaction Analysis) three systems were studied.
The first was an industrially relevant system of relatively small dye molecules diffus­
ing into a number of different polymer matrices. For fixed diffusion settings, diffusion 
coefficients were measured and found to correlate with the matrix glass transition 
temperatures. Surface dye concentrations, on the other hand, were independent of 
matrix properties.
The other two systems studied involved polymer interdiffusion. Based on differ­
ent assumptions, two contradictory theories have been developed to describe the 
concentration dependence of the mutual diffusion coefficient: the ‘slow’ and ‘fast’ 
theories. In one system, blends of low molecular weight (unentangled) polystyrene 
and poly(methyl methacrylate) our data followed the ‘slow’ theory at low tem­
peratures and the ‘fast’ theory at high temperatures. An equation describing the 
concentration dependence of the mutual diffusion coefficient at all intermediate an­
nealing temperatures (hence linking the ‘slow’ and ‘fast’ theories) was developed 
and found to describe the data accurately. In the second system, blends of entan­
gled poly(methyl methacrylate) of several molecular weights, the mutual diffusion 
coefficient was found to follow the ‘fast’ theory at all studied temperatures.
In all three systems the temperature dependence of the tracer diffusion coefficients of 
the various components were accurately described by the semi-empirical equations 
of the Free Volume theory.
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C h a p t e r  1
I n t r o d u c t i o n  a n d  B a c k g r o u n d
1.1 I n t r o d u c t i o n
Polymers are now extensively used in industry but are still not fully understood at 
the molecular level. The subject of diffusion in polymers is of great interest in many 
industrial applications where accurate quantification is essential, as well as in a 
purely scientific context where the determination of the exact diffusion mechanisms 
is required to fully comprehend the nature of polymeric systems.
In the last two decades much has been learned about self-diffusion: the diffusion of 
molecules in matrices of identical molecules. Here the theoiy is relatively straight 
forward, with the molecular dynamics depending on the basic mobilities of the 
molecules. However, the systems of greater interest to industry and more chal­
lenging to science are usually of a different nature.
In problems of mixing and welding where the object is to create new materials 
combining the properties of the initial materials, the interest lies in the diffusion 
of chemically different polymers; this is known as mutual or inter-diffusion. Here 
much of the theory will be the same as for self-diffusion but extra phenomena need 
to be considered. Whether the two initial polymers are miscible or not depends
1
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on the system’s thermodynamics. Whether or not the thermodynamics alters the 
diffusion rates of the individual components is an interesting problem. It is now 
widely accepted that such effects do strongly influence mutual diffusion, but there 
is still much debate about the quantification of this strength. In the case of mis- 
cible polymers it is reasonable to assume that the properties of the blend will be 
averaged values of those of the component polymer properties which can be very 
different. However the method of constructing this average is not simple and this 
too differentiates self and mutual diffusion.
Another aspect of diffusion in polymers, highly relevant to industry, is that of small 
molecule diffusion. A wide range of systems are of interest where the diffusion can 
be a help (the printing of images onto polymer substrates) or a hindrance (diffu­
sion of water through electrical cable insulation) as well as involving bio-polymers 
(diffusion of soap into sldn, toothpaste into teeth and shampoo into hair) and syn­
thetic polymers (drug release from polymer capsules). For small molecule diffusion 
the theory is well understood, but the challenge for industry is the quantification of 
diffusion coefficients and concentration profiles of penetrant molecules.
• The first chapter of this dissertation provides an introduction to the topics of poly­
mer dynamics and polymer blend thermodynamics. Chapter 2 reviews and discusses 
the merits of the various theories describing mutual diffusion in polymer blends. The 
experimental techniques used to acquire the data for this dissertation, Rutherford 
Backscattering (RBS) and Nuclear Reaction Analysis (NRA), are described in chap­
ter 3. Chapters 4, 5 and 6 contain the experimental sections in which three different 
systems are investigated: 1) an industrially relevant system of relatively small dye 
molecules diffusing into polymer matrices for which diffusion coefficients and pene­
trant concentrations are measured, 2) the mutual diffusion of polystyrene (PS) and 
poly (methyl methaciylate) (PMMA) and 3) the mutual/self diffusion of P M M A  
into PMMA. For systems 2 and 3 the concentration dependence of the diffusion 
coefficients are determined and compared to the theories described in chapter 2.
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1.2 P o l y m e r  D y n a m i c s :  H i s t o r y
Diffusion of polymers in polymer matrices is one aspect of the more general problem 
of understanding the dynamics of polymer molecules in solutions and melts [1, 2]. 
The first and simplest theory describing the diffusion of polymers is the Rouse head­
spring model [3]. It considers the polymer chain as a linear series of beads connected 
by springs; ie as a coupled harmonic oscillator. As the polymer chain moves, each 
bead interacts frictionally with the surrounding medium according to Stokes’ law 
and can be assigned an average friction coefficient (£), which is identical for each 
bead. Rouse determined the dynamic information by writing down the differential 
equations of motion for each of the N beads or monomers in the polymer chain. The 
solution to the set of equations gives a discrete set of functions corresponding to 
relaxation times (Rouse modes):
ri =  - (f b\  j > l  (1.1)
7 3ir2kBT j 2 J “ v '
The j  =  1 mode corresponds to the centre of mass motion of the polymer chain 
and leads to a diffusion coefficient D =  kBT / N (  cc A -1. Modes for which j  > 1 
are all internal relaxation modes and give rise to negligible overall diffusion. This 
model proved to be incorrect for polymer systems in general but can be applied 
under certain circumstances as will be shown later. In particular it has been shown 
experimentally that for dilute polymer solutions the diffusion coefficient scales as 
(0.5—o.6) jjj anq not as A -1 predicted by the Rouse theory. Furthermore the 
diffusion coefficient in polymer melts has been found to scale as A " 2 [4]. These two 
failings can be accounted for by the simplifications and assumptions of the Rouse 
model. The model effectively assumes that the polymer chain moves through the 
solvent in a random coil configuration with solvent freely draining through it ie it 
neglects the hydrodynamic interactions of the solvent which is dragged along with 
the polymer chain.
In a solvent at low concentrations the perturbations induced by the presence of 
polymer coils is large. These effects were included in Zimm’s theory [5] where the
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force on each bead is calculated as being the sum of the hydrodynamic drag force 
of the solvent (ie the force associated with the Brownian motion) and the Hookean 
springlike forces exerted by neighbouring molecules (considered by Rouse). This 
approach leads to a diffusion coefficient which scales as N ~ 0,5, much closer to the 
experimental value. In polymer melts, where the motion is much reduced by the 
increase in viscosity, the hydrodynamic interactions become very small and Zimm’s 
model reduces to the Rouse model [6, 7],
Another failing of both the Rouse and Zimm models is that they allow segments of 
one polymer chain to pass through one another without hindrance, thereby neglect­
ing the existence of entanglements or constraints. This is a problem which affects 
the polymer dynamics both in solution and in melts. The effects of entanglements 
in polymer melts of high molecular weights were first noted in stress relaxation ex­
periments [8], which showed two stages of relaxation separated by a period during 
which the stress relaxed very slowly. Bueche [9] also concluded that entanglements 
were the cause of the discontinuity observed in the viscosity versus molecular weight 
graphs. At low molecular weights Berry and Fox [10] found that for a large number 
of polymers the viscosity followed the Rouse theoiy exactly and scaled as N . At 
high molecular weights, however, the viscosity was found to scale as N 3A. Bueche’s 
theory attributed this large molecular weight dependence to entanglement coupling, 
where one molecule would drag another, and calculated that the viscosity should 
be proportional to N 3-5. The molecular weight at which the discontinuity occurred, 
M c, was found to be related to the average molecular weight spacing between en­
tanglement points, M e, as calculated from rubber elasticity theoiy: M c — 2.2M e. 
However, attempts to link polymer diffusion to Bueche’s theory were unsuccessful.
Initially entanglements were thought to be discrete entities such as temporary cross­
links or localised knots. However the effects of entanglement coupling are observed 
universally both in non-polar polymers, where structured heterogeneity and hence 
temporary cross-links cannot occur, and in relatively rigid polymers where knots 
cannot be formed [11,12]. Edwards [13] tackled the problem of mutual uncrossability
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from a different angle. He represented the topological constraints on a polymer chain 
due to its neighbours, as a tube confining the chain. In a dense medium of frozen 
chains, which set up an array of fixed obstacles, one free mobile chain is then forced 
to move along the tube. This model was treated by de Gennes [14], who called 
this motion ‘reptation’ (from reptile), and determined that the diffusion coefficient 
should scale as N ~ 2. This dependence was first verified by by Klein [4] and has since 
been observed in many systems [15].
Modifications to the reptation theory were introduced to account for the motion 
of the matrix molecules. In a system where the diffusing polymer chains have a 
similar molecular weight to the matrix molecules the centre of mass motions of 
both diffusant and matrix chains will occur on similar time scales. The matrix can 
then no longer be viewed as stationary from the tube’s viewpoint. This has led 
to the ‘constraint release’ or ‘tube renewal’ theory [16, 17], in which the virtual 
reptation tube is no longer fixed but can, at certain times, take sideways jumps as 
a constraint from a neighbouring chain is removed when this chain reptates away. 
This theory has been extensively investigated by Daoud and de Gennes [18], Klein 
[19, 20] and Graessley [21] to determine expressions for the diffusion coefficients 
under such conditions. Experimental evidence for tube renewal has been obtained 
bj7 Green et al. [22, 23] in linear polymers and by Klein et al. [24] in branched 
polymers where pure reptation is greatly suppressed and diffusion occurs mainly 
by constraint release. Modifications are still being made to Doi and Edwards’ [25] 
and Graessley’s [21] molecular theory of viscoelasticity for entangled polymer liquids 
based on the reptation model, to account for the N 3A dependence observed in the 
zero shear melt viscosity [10]; constraint release predicts an N 3 dependence.
1,3 R a d i u s  of G y r a t i o n
A polymer is an interconnected series of monomers held together by covalent bonds. 
Each monomer or repeat unit is a moderate sized group of atoms (usually carbon,
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oxygen and hydrogen only) possessing at least two active sites, with which it bonds 
to other monomers. The polymer can be either linear, branched or networked de­
pending on the number of active sites. Polymers are known as homopolymers if all 
the monomers on the chain are identical and as copolymers if more than one type 
is present. In this study, linear homopolymers alone are considered, for which the 
thermodynamics and diffusion processes are best understood.
The configuration and connectivity of polymer chains are essential determinants of 
their dynamics. By considering that each monomer is joined to its neighbour by a 
freely jointed link (ie with no preferred or fixed angle) it is possible to gain insight 
into the size of a polymer chain. For a chain N  monomers long and of length d per 
monomer, the contour length L (total chain length) is N d. However, based on the 
random walk calculations in three dimensions, it can be shown that the root mean 
square displacement length < R 2 > 1?2, the average distance between the two ends 
of the chain, is given by:
( s 2) 1' 2 =  N l/2d (1.2)
In reality, the links between monomers are not free. The angles between C-C bonds 
are fixed at 109.5° but when several monomers are strung together energy consider­
ations between monomers intervene and lead to preferred positions [26]. Swollen by 
a good solvent the polymer coils trace strongly self-avoiding paths.
Kuhn [27, 28] has shown that long polymer chains can be approximated to equivalent 
freely jointed chains by choosing sequences of m monomers as statistical elements, 
instead of each individual bond. In this way, although the energy restrictions and 
bond angles still apply on a localised scale, monomers m apart are uncorrelated due 
to imperfections along the chain, and the random walk law applies to the chain as 
a whole. Equation 1.2 can then be rewritten as:
( W ) = IL (1.3)
where L is the total contour length, Nd, and I is the Kuhn segment length (of m
monomers) which is a measure of the polymer entanglement and has been deter­
mined for many polymers [29].
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In 1979 de Gennes [1] suggested another way of measuring the entanglement. He 
defined the radius of gyration as being:
^ = 4 e (u - r g )2) (i.4)
i y  i = 1
where lq and R q  are the positions of the i th monomer and centre of mass of the
polymer chain. The radius of gyration is a more useful physical quantity than
the displacement length, in that it can be measured directly by neutron scattering 
experiments and is also valid for non-linear polymer molecules. For linear chains, 
the radius of gyration can be linked to the displacement length [2]:
R2
%  =  f  d - 5)
Combining equations 1.2 and 1.5 leads to:
R , =  d jN / 6  (1.6)
1.4 P o l y m e r  B l e n d s  a n d  S o l u t i o n s
1.4.1 In trod uction
For a solution to be described as a mixture the two components need to be mixed on 
an atomic or molecular scale. Early experiments with polymers [30, 31] proved that 
Raoult’s law of molar fractions is only correct in the limit of one substance being 
present in an other at an infinitesimal concentration. For one polymer in solution 
with a solvent or for a polymer blend the law is inadequate. This is largely due 
to the fact that using molar fractions does not take into account the size difference 
between ordinary atoms and macromolecules. Most experiments are carried out at 
constant temperature (T) and pressure (P), so the Gibbs free energy (G = H  — TS) 
is used to measure the behaviour of polymer blends in solutions, where H  is the 
enthalpy and S the entropy. For polymers to be miscible, the Gibbs free energy of 
the mixture must be smaller than that of the components. Thus:
Gi,2 < Gi T  C?2 (1*?)
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where 1 and 2 refer to the solution components. It is convenient to write the condi­
tion of equation 1.7 as:
A G  < 0 (1.8)
where A G  —  Gq 2 — (Gi +  G 2), and it is easily shown that;
A G m =  A H m ~ T A S m (1.9)
with A H m and A Sm denoting the enthalpy and entropy of mixing. These consider­
ations led Flory [32] and Huggins [33] to develop the liquid lattice theory.
1.4.2 T h e rm o d y n am ics  o f  P o ly m e r  B len d s  and  Solutions
The Flory-Huggins (F-H) theory considers that molecules in liquids are arranged 
with sufficient regularity to approximate them by a simple cubic lattice. All the 
molecules occupy well defined sites within the lattice. The entropy of mixing is found 
by estimating the number of possible configurations which the various components 
could form, where in the case of polymers each monomer occupies one site. The 
configurational entropy is limited by the fact that each monomer (except end chain 
monomers) must be adjacent to two other sites occupied by monomers from the 
same chain. The enthalpy of mixing is assumed to arise from the contact between 
unlike molecules and is equal to the energy per contact multiplied by the number of 
contacts. The result of this standard model is [34]:
=  +  9-i°)
where the volume fraction (j) of the components 1 and 2 satisfy the incompressibility 
condition <f) 1 + <$2 =  1? and x is the Flory-Huggins interaction parameter given 
by X =  z A w /k s T ] z is the lattice coordination number representing the number
of nearest neighbours to any given lattice site and A w is the difference in energy
between contacts of like and unlike molecules.
It is interesting to note that:
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• For N i — N 2 =  1 and x =  the ideal solution of Raoult’s law is recovered.
• For N i =  1 and N 2 1, the Flory-Huggins theory applies to a polymer in 
solvent.
• The F-H theory can also be applied to a three component system. In this case 
the free energy of mixing becomes:
ln ($x + ~  ln (f)2 + ™  ln</>3 + Xi,2$h^2
k b ! i v  i iv 2 IV3
+ Xl.301^ 3 +  X2,3$>2^ 3 (1.11)
where Xi,2>Xi,3 and X2,3 are the F-H interaction parameters of each pair of
components. This equation can be used to describe ternary solutions (two 
polymers in a common solvent; iV3 =  1) which is of particular interest if a 
solvent is found such that xi,3 —  ~X 2,3-
The line of stability in a blend is defined by p == This is known as
the coexistence curve or binodal. The function <9AGm/d(j> represents the chemical 
potential (A/z) which exists between the two components. To form a perfectly 
miscible solution or blend, < 0. From equation 1.10 this gives;
, t , T
V ^  J T,P V ^  / T,P
T,P
< 0  (1.12)1 1+ TT7; rr-2x
The line for which p = 0 is known as the spinodal and represents the line
of instability of the blend. The value of x on this line is:
1 1
X = 2Ni<p + 2!V2(1 - <fi) g '13^
and the critical composition is found by differentiating equation 1.13 with respect 
to <f>, giving:
6, = . . V E  (i.i4)
At this composition the F-H interaction parameter has the value:
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For symmetrical blends (N i — N 2) the critical composition is <f>c = 0.5 and the F-H 
parameter is Xsp,c =  2/N , as is shown in figure 1.1. Even for moderately high molec­
ular weight polymers the value 2 /N  is very small and reflects the weakness of the 
entropy of mixing which may be overcome by very small unfavourable interactions.
1.4.3 F lo ry -H u g g in s  In teraction  P a ra m e te r
From the previous discussion it is quite obvious that interactions between polymers 
depend to a great extent on the Flory-Huggins interaction parameter (x)- For 
this reason most studies on polymer blends begin with the determination of this 
parameter. There are three classes of polymer pairs:
1. x > 2/N : For pure Van der Waals forces x is always positive, getting larger as 
the difference between the polymers increases. These polymers are not miscible 
in all proportions. A  blend will phase separate according to Cahn’s theory of 
spinodal decomposition [35] to give two phases of varying composition, each 
given by the loci on the binodal curve. This is the case for high molecular 
weight PS/PVME [36], although lower molecular weight pairs (for which the 
entropy of mixing is larger) are miscible.
2. 2 /N  >  x > Very small positive values of x are observed for mixtures 
of hydrogenated and deuterated species [37]. Such systems are almost ideal, 
enabling miscibility of high molecular weight pairs.
3. 0 > x: For such favorable interactions one needs to consider more than Van 
der Waals forces. A specific chemical feature of the two components of the 
system is usually the cause, leading to large x (up to 1). This is the case for 
most practical systems [38].
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Concentration: (j>
Figure 1.1: Phase diagram predicted by the Flory-Huggins theoiy for a mixture 
of two polymers with the same degree of polymerisation N . The solid iine is the 
coexistence curve (binodal) and the dashed one is the line of instability of the blend 
(spinodal).
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1.4.4 L im itation s o f  the F lo ry  M e a n  L iq u id  Lattice  M o d e l
As shown above x 1/T. However, although the lattice coordination number z can 
be estimated on the assumption that the lattice is cubic, the difference in energy be­
tween like and unlike molecular contacts (Aw) must be determined experimentally. 
For this reason other definitions of x have been considered.
Roe and Zin [39] have redefined x as:
X - ^ f  (MC)
where Vref is the lattice volume and A is the interaction energy density defined 
from well known solubility parameters [40]. However, uncertainty remains as to the 
correct Vref to use. It is generally accepted that the lattice volume of the reference 
solvent should be used.
Experimental evidence shows that xc does not only depend on chain length but also 
on chemical structure, suggesting that it has a different value for every polymer 
pair. This can only be explained by letting x have an entropic (xs) as well as an 
enthalpic (x#) contribution:
X — Xs +  j j r  (I-17)
Although both equations 1.16 and 1.17 fit experimental data well, recent theories [41, 
42, 43] have cast doubt on their validity and on the inverse temperature dependence. 
In particular, Lin and Roe [44] have found that x for PS/PoiMS is concentration 
dependent. Even though this dependence appears to be small it is expected to exist 
for all polymer blends, but as yet, no accurate theoretical predictions are possible.
These modifications to the F-H theory are necessary because of an inexact assump­
tion within the basic model, but more important inadequacies exist. The phase 
diagram predicted by the F-H model shown in figure 1.2a) predicts an upper critical 
solution temperature (UCST) only; one phase above Tc and two phases below Tc. 
However, this is rare for high molecular weight polymers, although it does apply 
for low molecular weights. In practice polymers with large differences in thermal
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expansion coefficients, such as P M M A / P ckMS [46], exhibit lower critical solution 
temperature (LOST) behaviour [45]. The classical F-H theory assumes polymer in­
compressibility and various attempts to improve the basic model by incorporating 
the equation of state of a polymer liquid [47, 48, 49] have been made. Although the 
phase diagrams of figure 1.2 are predicted, accurate predictions for specific poly­
mer pairs are not j^et possible. Despite its limitations the F-H theory remains the 
starting point for most discussions on polymer blends.
1.5 D i f f u s i o n
Diffusion is the process by which matter is transported from one part of a system 
to another as a result of random molecular motions. These motions were first ob­
served by Brown in 1827 when finely divided particles in suspension were seen to 
undergo ceaseless movement. The motion was analysed by Einstein who developed 
a molecular model to describe the particles’ movements. Each particle is assumed 
to possess thermal kinetic energy (| k&T) and to constantly undergo collisions with 
the molecules of the liquid. These collisions provide net forces to the particles, set­
ting them in motion, which is opposed by the frictional forces due to the viscous 
resistance of the fluid. Analysis of the equations of motion of the particles subject 
to Brownian motion, leads to the well-known Stolces-Einstein diffusion coefficient:
D  =  (1.18)
where (  is the frictional force acting on the particle. For a spherical particle £ =  
QirqR where ij is the fluid viscosity and R is the particle radius.
This picture of random molecular motions, whilst defining a diffusion coefficient, 
does not indicate a preferred direction of motion. However experiments show that 
in systems which initially have a sharp concentration step in observable molecules, 
there is a net transfer of those molecules towards the lower concentration region. 
In 1855 Fick [50] guessed that the rate of transfer of a diffusing substance was
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Concentration: (j)
Figure 1.2: Typical phase diagrams observed experimental^ for a mixture of two 
polymers with the same degrees of polymerisation. The solid, lines represent the bin- 
odals and the dashed lines are the spinodals. Diagram a) is the only one predicted by 
the Flory-Huggins theory showing an Upper Critical Solution Temperature (UCST). 
Diagrams b), c) and d) are predicted by some of the more recent theories, b) shows 
Lower Critical Solution Temperature (LCST), c) UCST and LCST together and d) 
‘Hourglass’ (same as c) but where the binodals have met).
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proportional to its concentration gradient.
1.5.1 F ick ian  D iffu sion
By analogy with Fourier’s equation for heat transfer developed in 1822, also describ­
ing a random molecular process, Ficlc put diffusion on a quantitative basis:
F = - D i t  (L19)
where F  is the rate of transfer per unit area of section, f  the concentration of 
the diffusing substance, x the space coordinate and D the proportionality constant 
known as the diffusion coefficient. If the diffusing specie is identical to the medium in 
which it is diffusing, D is known as the self-diffusion coefficient. If, on the other hand, 
the system is composed of two different species, mutual diffusion occurs. In this case 
it may be expected that two diffusion coefficients would be required to completely 
describe the system’s evolution with time. However, if the system’s density remains 
constant, the movement of one specie controls that of the other and vice versa, 
so that the diffusion can be described by a single mutual diffusion coefficient. It’s 
calculation from the self-diffusion coefficients of the individual components is no 
easy task and requires non-equilibrium thermodynamics.
When equation 1.19 is coupled to the conservation of matter flowing through an 
element of volume, Fick’s second law is obtained:
~  = jDV’V  (1.20)
Analytical solutions to equation 1.20 can be found for concentration independent 
diffusion coefficients for a wide range of boundary conditions [51]. In most experi­
mental cases it is found that D is concentration dependent. In this case equation 
1.20 becomes:
dt dx \ d x f
and anafytical solutions cannot be obtained. Solutions are obtained numerically.
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1.5.2 C ase  I I  D iffu sion
It is possible to observe diffusion in a two component system which, although de­
scribed by a single diffusion coefficient, does not originate from random Brownian 
motion and is therefore not described by Fields laws. This is the case for a solvent 
swelling a gel, where the swelling of the gel is due solely to the penetration of the 
solvent molecules and not to any inherent motion of it’s own [52]. This motion, 
called Case II diffusion, is characteristic in that the diffusion scales linearly with 
time (t) in contrast to Ficldan (Case I) diffusion which scales as f t .  Thomas and 
Windle [53] proposed a model which has been modified by Hui et al. [54] to de­
scribe this process in pofymers, where Case II diffusion is observed when one of the 
components is in the glassy state below its glass transition temperature (Tg). This 
behaviour and the effect of Tg on the diffusion process has been well documented
[55]. However, in the miscible region in most polymer systems, Ficldan diffusion is 
observed provided the polymers are rubbery (above Tg). This will be the case for 
all systems reported in this thesis.
1.6 D i f f u s i o n  M e c h a n i s m s
In this section we shall only discuss the diffusion mechanisms common to all poly­
mers; those due to the topological aspects of the polymers involved and not their 
chemical structures. Of course the chemical nature of a polymer greatly affects its 
mobility, but in the following discussion all the relevant information pertaining to 
this nature will be contained in two parameters: N e the entanglement length and J 
the friction coefficient, both assumed to be constant at a given temperature. Nei­
ther of these parameters can, as yet, be calculated from first principles (indicating 
obvious regions for future interest) and must be determined experimentally.
These theories are only concerned with the degree of pofymerisation of both the 
diffusing chains (N ) and the matrix chains (P), and where the cross-overs between
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them occur. They do not predict temperature dependence of the diffusion coefficient 
and assume constant temperature (T) for all experiments. Here too no absolute 
theory exists although a semi-empirical theory, the Free Volume theory, does describe 
the experimentally observed dependence, and will be discussed later.
Figure 1.3 shows a summary of the accepted models and the molecular weights (de­
grees of polymerisation) of the diffusant and matrix at which each one is applicable
[56]. This diagram applies to tracer diffusion only, where the N  and P chains are 
chemically identical and the N  chains are present in infinitesimal concentrations.
Region 1: For short diffusing chains (N  < N e) entanglements do not exist and the 
diffusion is described by the Rouse theory [3]:
D  =  i f  d - 22)
Each bead of the N-chain feels the same friction and the macromolecule feels 
the cumulative effect: hence the N ~ l dependence. In practice, for very low 
molecular weight N-chains, £ is found to have a molecular weight dependence 
due to the greater friction of the chain ends in the sample [57]. This also 
has the effect of decreasing T g. This can be accounted for experimentally by 
varying the temperature, to maintain constant T — T g. Under these conditions 
the Rouse model can be applied.
Region 2: When the chains get longer and exceed a certain length (N  > N e) 
entanglements start affecting the diffusion process. In the case where the 
matrix chains are also long (P  N  >  N e) de Gennes [14] proposed that they 
could be viewed as a dense medium of frozen chains that set up an array of 
fixed obstacles. Under these circumstances the N-chain is forced to reptate 
along its own contour and is confined to a virtual tube [25] defined by the 
matrix molecules (as shown in figure 1.4). Within this tube the motion is 
described by the Rouse theory and the diffusion coefficient is found from the 
longest relaxation time r rep (the time taken for the chain to diffuse out of its
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Figure 1.3: Summary of the various diffusion mechanisms of polymers and the diffu- 
sant and matrix molecular.weights at which each mechanism is dominant (after de 
Gennes [56]). Region 1) Rouse, 2) Reptation, 3) Constraint release or Tube renewal, 
4) Unentangled Stolces-Einstein and 5) Entangled Stokes-Einstein.
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tube and adopt a totally new conformation) to be:
D  ~  A l r f w *  -  (L23)
where N e, the entanglement length, is found experimentally to be of the order 
of 300 and D 0 is known as the reptation constant. As seen from equation
1.23, in the reptation regime (P  N  >  N e) where the matrix is considered 
stationary, D is independent of P.
Region 3: When the matrix chains are slightly shorter (but still P  >  N e) they can 
no longer be considered as a frozen array and their motion affects the value of 
D . The virtual tube is no longer fixed and must be viewed as a dynamic tube 
undergoing continual modification as the matrix chains (constraints) reptate 
away from the N-chain. In this way the tube is able to make occasional 
sideways jumps [17, 18] with the chain continuing to reptate along its contour 
as shown in figure 1.5. The diffusion coefficient for this type of motion was 
shown by Graessley [21] to be:
4kBT N * _ l _
15C N P 3 ( ’
Klein [58] has suggested that more than one constraint may be released when
a constraining matrix chain reptates away. He then obtains:
D  =  I< 4Nef f T 1 5 (1.25)15C N P i K
where K  is an unspecified constant ( ie a factor of K N / l^2P 1^ 2 difference).
Constraint release has been observed experimentally by Green et a i [23] who
find a P -2-8 dependence for the tracer diffusion coefficient, exactly half way
between the two predictions. Because constraint release and reptation are
independent mechanisms of diffusion, the tracer diffusion coefficient (D *) for
entangled chains may be written as:
D , = ‘1 F 0 L ±  [i + (1.26)
(from Graessley’s equation 1.24. A  similar expression can be written using
Klein’s equation 1.25). The dominant diffusion mechanism then depends on
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Figure 1.4: a) Polymer chain in a melt showing the constraints imposed by the 
matrix chains, b) The virtual tube around the same chain, to which this chain is 
confined and in which the reptation occurs.
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the relative values of the two terms in the brackets, with repation dominating if 
1 > N fN P ~ * and constraint release becoming important when 1 < A ^ A P -3.
Region 4: When the diffusing N-chain is relatively long compared to the matrix 
P-chain (P  < A e), the matrix can be considered as viscous fluid. The N-chains 
adopt their coil-like conformation and move carrying trapped P-chains within 
them. The motion is described by Zimms’s theoiy [5] and gives a diffusion 
coefficient similar to the Stolces-Einstein theory:
d  =  4 $ r  (l27)
where R is the radius of gyration of the N-chain (acting as a solid sphere) and 
rjP is the fluid viscosity (P times the friction per monomer).
Region 5: When the matrix P-chain becomes longer (P > N e) we have essentially 
the same case as previously, with the N-chains following Stolces-Einstein dif­
fusion and diffusing as a coil with trapped P-chains within it. However the 
P-chains are entangled and the viscosity (??P), calculated in terms of the rep­
tation model, is seen to vary as [18]: rjp oc p P ^ N /2. This regime has not been 
observed experimentally, where a P 3-4 viscosity dependence is seen.
When N  =  P we have the case of self-diffusion. For N  <  N e the Rouse model is 
obtained and the N ~ l dependence is obtained. For N  > N e we can rewrite equation 
1.26 as:
D s  =  \N ~ *  +  ( L 2 8 )lo t,
Figure 1.6 shows a summary of the information given above for the tracer and self­
diffusion coefficients.
1.6.1 T em p e ra tu re  D epen den ce : T h e  F ree V o lu m e  T h e o ry
Until now we have not explicitly discussed the effect of temperature on diffusion 
except to say that different mechanisms of diffusion have been observed in polymers
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Figure 1.5: Tube renewal via constraint release; a) polymer chain being constrained 
by neighbouring matrix chains; b) as one of the matrix chains reptates away, one 
constraint disappears and c) the virtual tube around the diffusing chain is-able to 
make a sideways jump.
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Figure 1.6: Summary of the variation with matrix molecular weight of a) the self- 
diffusion coefficient N  =  P and b) the tracer diffusion coefficient for a chain of 
medium length (N e < N  <  N 2) in a matrix of entangled chains (N e <  P < /V4(/3). 
In a) the graph is expected to be distorted at very iow masses due to variations in 
T g caused by extra free volume and around N e due to intervening constraint release 
mechanisms.
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above and below the glass transition temperatures: Fickian (Case I) diffusion occurs 
above T g and Case II diffusion below T g. To obtain a more complete understanding, 
we must consider the nature of the glass transition in amorphous polymers. Figure
1.7 shows a schematic variation of the total specific volume (u), occupied volume 
(vQ) and free volume ( v f against temperature around the glass transition, where ali 
the features (especially the discontinuity in the expansion coefficient cij are observed 
for all amorphous polymers. The occupied volume corresponds to the Van der Waals 
radius of the atoms and their thermal motion (oc ksT ) and the free volume is present 
either as holes (of the order of a monomer in size) or as voids associated with packing 
irregularities.
Many studies have sought to interpret these observations. Cohen and Turnbull [59, 
60] explained the physical basis for Doolittle’s empirical equation linking viscosity 
to free volume [61]:
ln??0 = ln/l + B TO~---4  (1.29)
Vj
where i]0 is the viscosity and A and B are empirical constants. They considered the 
diffusion of small molecules with the assumption that their motion could only occur 
when a void exceeding some critical volume (F*j becomes available for them to move 
into. Assuming that free volume expands linearly with temperature it is clear from 
figure 1.7 that:
vf  =  vh  +  A a ( T - T g)(1.30)
where v-fg is the free volume at the glass transition temperature. Using equation 1.30 
Cohen and Turnbull’s theory also explained the empirical VoJel-Fulcher equation 
[62]:
lin?0 = ln A ' +  frL-T(l31)
where A ' and B ' are empirical constants.
The Free Volume theory has been expanded to explain polymer/solvent diffusion [63, 
64, 65] and the diffusion of larger molecules which require a cooperative movement of 
several polymer segments to create large enough spaces for diffusion to occur [66, 67]. 
These observations have ied to the formulation of the Williams-Landel-Ferry (WLF)
Vo
lu
me
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Temperature (K)
Figure 1.7: Schematic variation of total, occupied and free volume around the glass 
transition temperature (Tg) of a polymer.
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equation [11]:
( - » -  (1.32)c § + T - T c
where ap is an empirical scaling factor, the expression of which depends on the 
system under investigation. It is usually expressed either in terms of temperature 
(T) and polymer viscosity (£j or diffusion coefficient (D ), which can be obtained from 
£ using the appropriate equations from the last section. To is an arbitrary reference 
temperature which is often taken as T g and cj and are empirical constants. Fitting 
data obtained from a large number of polymers (with To =  Tg), c? and c| are found 
to have quasi-universal values of 17.44 and 51.6 [11]. However, these values should 
only be used for practical purposes as a last resort, in the absence of more specific 
data.
Equations 1.31 and 1.32, which are only applicable at temperatures above T g, imply 
that if one can measure the effect of some outside action on one of the variables, such 
as measuring the change of T g when the molecular weight is decreased then one can 
calculate the effect on the other variable; viscosity (£) or diffusion coefficient (D ). 
In the same way one can predict the temperature dependence of these quantities.
Older theories describing the temperature dependence of diffusion are based on 
energy barriers [68, 69], where an activation energy ej is required to create a void 
into which the diffusing molecule can move, and an energy e2 must be supplied to 
this molecule for it to break free from its neighbours and pass into the hole. This 
leads to a diffusion coefficient given by:
£  =  A, exp (-|f) (1.33)
where D 0 is a constant, R the gas constant and A H  =  e.i T e 2, the activation energy. 
In practice this approach is acceptable at temperatures above 100°C or so above 
T g. At lower temperatures, Arrhenius plots (In D vs. 1/T) become curved and the 
YVLF equation, describing the non-linearity of the viscoelastic friction coefficient of 
polymers above T g, is required.
C h a p t e r  2
M u t u a l  D i f f u s i o n
In the last chapter it was shown that the thermodynamics of polymer chains had a 
large influence on the miscibility of polymers of varying chain length and chemical 
composition. In order to understand the interdiffusion of such polymers the blend 
thermodynamics need to be investigated further. The thermodynamic theory based 
on the work of Gibbs, deals exclusively with equilibrium states and reversible tran­
sitions between them. These transitions are deemed to be infinitely slow and the 
change in entropy is calculated solely from the initial and final states. In real sys­
tems changes from one state to another do not occur reversibly and non-equlibrium 
thermodynamics are required to calculate the entropy increase.
2.1 N o n - E q u i l i b r i u m  T h e r m o d y n a m i c s
It can be shown [70] that the rate of increase of entropy can always be expressed as 
the sum of products of suitably chosen generalised forces (X) and flows (J) caused 
by these forces.
r i f  = E J * - x t (2,i)
At equilibrium both X  and J  — 0. For small deviations from equilibrium, non- 
equilibrium thermodynamics stipulate the hypothesis that the flux and the force are
27
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linearly related.
or
J k =  £  Jkj ■ Xj (2.2a)
3- 1
Xj =  E  Afe * Jfc (2.2b)
Jt=i
where =  1/J/y, and Lfcfc are coefficients related to the diffusion coefficient.
For a polymer system the force (X) is the gradient in chemical potential (—d p /d x ), 
the flow (J) is the mass flow (pv) and L  is the friction coefficient ( . In a system of 
two polymers 1 and 2, with the same density p =  p i =  p2, equation 2.1 becomes:
TS = -iy+-+> (2+
and equation 2.2b gives:
-X i_  = Cii^ i + C12/2 (2.4a)
— X 2 — C21J 1 + C22J2 (2.4b)
The Onsager relation [71] states:
C12 = C21 (2-5)
and the Gibbs-Duhem equation is:
N
E & X ;  = 0 (2.6)
where 0* is the concentration of the i th specie. By substituting equations 2.4a and 
2.4b into equation 2.6 it can be shown that:
0i C11 + 02C21 =  0 (2.7a)
0iCi2 + 02C22 —  0 (2.7b)
In a one dimensional binary diffusion system it is useful to define movement with 
respect to a plane across which no net transfer of volume occurs. In such a reference 
system:
J\V\ +  J2V2 —  0 (2.8)
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where v\ and v2 are partial molar volumes of components 1 and 2. Rewriting Ficlc’s 
first law (equation 1.19) for the two components yields:
J\ =  - D i f f  (2.9a)
J2 =  ~ D  (2.9b)
which, substituted into equation 2.8, gives:
DiViib+D2V2jt=0 (2-10^
However, the law of mass conservation states that V\4>i + v2<f)2 = 1 and the relation­
ship (f>idvi -f- <j)2dv2 = 0 holds. It is therefore possible to write v id f i + v2d<j)2 =  0 
which, substituted into equation 2.10, leads to D \ — D 2 — D \2 =  D mutUai and proves 
the assumption made earlier, that diffusion in a binary system can be described by 
a single mutual diffusion coefficient. From Onsager’s relation (equation 2.5), the 
Gibbs-Duhem equations (equations 2.7a and 2.7b) and equation 2.8 it can be shown 
that [72]:
~ ± )  =  <s T ± (2.11)
J TP
Substituting J, from Pick’s first law:
=  , (212)
Oj \9<f> T.P
which can be rewritten (substituting i  ~  1 and j  —  2):
D „ yjuyyj.)(2 .13)
C12 V a ln n i J T p
where the term in brackets is an activity term, with n\ the molar fraction of compo­
nent 1. For /i = i i i the activity term is unity and the diffusion coefficient reduces 
to the Stokes-Einstein diffusion coefficient (for £12 = QiriiR):
D n  =  ~  =  Do (2.14)S12
where Do is the self-diffusion coefficient for a system in which both components 1 
and 2 are identical except for some inocuous labelling to distinguish them, such as
CHAPTER 2. MUTUAL DIFFUSION 30
isotopic substitution. The activity term is greater the more the components are 
different and in the case of a binary system, D q can no longer be called the self­
diffusion coefficient. The self-diffusion coefficients of the individual components of 
a binary mixture can be measured by adding the isotopic specie of one component 
to the system, converting it to a ternary one. It can then be shown that:
as n i -A 0 (and n2 -+ 1 ),£>*—+ D i2 and as n2 —* 0 (and ??-i —+ 1), DJ —> £>12 
This leads to:
As was suggested by the discussion of the Flory-Huggins theory, the thermodynam-
diffusional characteristics. Here it is shown that the mutual diffusion coefficient 
can be separated into the product of a kinetic term and a thermodjmamic term, 
demonstrating the importance of both aspects. However this is as far as thermody­
namics can lead. Experimentally equation 2.16 is found to be adequate for near-ideal 
solutions where the frictional coefficients are independent of concentration, but is- 
inaccurate over large concentration ranges. To proceed further in the exact deter­
mination of the mutual diffusion coefficient, an adequate kinetic theory of the liquid 
state is required.
UlCll +  rt2£l2
(2.15a)
(2.15b)
(2.16)
ics of a polymer system have a large influence on its miscibility and therefore its
2.2 M u t u a l  D i f f u s i o n
Mutual diffusion in polymer/polymer sj^ stems affects the mechanical properties of 
the polymers near interfaces. This is of great technological importance in the areas
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o f  p o l y m e r  w e l d i n g  a n d  p o l y m e r  c o a t i n g s  w h e r e  t h e  f u s i o n  a n d  a d h e s i o n  p r o c e s s e s  
a r e  critical t o  t h e  final stability o f  t h e  s y s t e m  [73]. It is i n  this light t h a t  p o l y m e r  
m u t u a l  d i f f u s i o n  w a s  first s t u d i e d  in t h e  1 9 6 0 ’s [74]. H o w e v e r ,  t h e  u n d e r s t a n d i n g  o f  
m u t u a l  d i f f u s i o n  a n d  its q u a n t i f i c a t i o n  a r e  c o m p l i c a t e d  b y  t h e  fact t h a t  t h e  s y s t e m s  
o f  interest o f t e n  i n v o l v e  p o l y m e r s  o f  c h e m i c a l l y  different n a t u r e .  E a c h  p o s s e s s  their 
o w n  intrinsic m o b i l i t i e s  w h i c h  c a n  v a r y  b y  o r d e r s  o f  m a g n i t u d e  f r o m  p o l y m e r  t o  
p o l y m e r .  T h i s  l e a d s  t o  h i g h l y  c o m p o s i t i o n  d e p e n d e n t  m u t u a l  diffu s i o n  coefficients 
w h i c h  m u s t  b e  a c c u r a t e l y  d e t e r m i n e d  b e f o r e  t h e  s y s t e m  is fully u n d e r s t o o d .  I n  
p r a c t i c e  it is a s s u m e d  t h a t  t h e  m u t u a l  diffu s i o n  coefficient will d e p e n d  o n  s o m e  
w e i g h t e d  a v e r a g e  o f  t h e  m o b i l i t i e s  o f  t h e  i n d i v i d u a l  c o m p o n e n t s  o f  t h e  s y s t e m ,  b u t  
t h e r e  is n o  t h e r m o d y n a m i c  justification for s u c h  a n  a s s u m p t i o n .  I n  t h e  e v e n t  t h a t  
s u c h  a n  a v e r a g e  d o e s  exist, it is b y  n o  m e a n s  trivial t o  d e t e r m i n e  h o w  it will b e  
c o n s t r u c t e d  a n d  different results a r e  o b t a i n e d  d e p e n d i n g  o n  t h e  a s s u m p t i o n s  t h a t  
a r e  m a d e  d u r i n g  its d e r i v a t i o n .
d e  G e n n e s  [75] w a s  t h e  first t o  d e t e r m i n e  a n  e x p r e s s i o n  for t h e  c o n c e n t r a t i o n  d e p e n ­
d e n c e  o f  t h e  m u t u a l  diffu s i o n  coefficient. B a s e d  o n  t h e  F l o r y - H u g g i n s  lattice m o d e l  
h e  f o u n d :
D m  =  -2 D 0Nx<j>{l ~ 4) (2.17)
for t h e  s i m p l e s t  c a s e  w h e r e  t h e  self-diffusion coefficients o f  b o t h  c o m p o n e n t s  (1 a n d  
2  w i t h  N\ =  N2 =  N ) w e r e  e q u a l  to  e a c h  o t h e r  (D\ — =  D 0 ), a n d  w h e r e
X  is i n d e p e n d e n t  o f  c o n c e n t r a t i o n .  D0 is t h e n  t h e  r e p t a t i o n  c o n s t a n t  o f  e q u a t i o n
1.23. I n  t h e  c a s e  w h e n  D l f  jD|, a r i s i n g  e i t h e r  f r o m  different frictional p r o p e r t i e s  
o f  e a c h  c o m p o n e n t  o r  different c h a i n  l e n g t h s ,  D 0 b e c o m e s  t h e  w e i g h t e d  a v e r a g e  t o  
b e  d e t e r m i n e d .
2 . 2 . 1  S l o w  T h e o r y
F o l l o w i n g  o n  f r o m  d e  G e n n e s ’ a p p r o a c h ,  B r o c h a r d  et al. [76] h a v e  e x p a n d e d  t h e  
d i s c u s s i o n  t o  i n c l u d e  c o m p o n e n t s  o f  differing self-diffusion coefficients. H o w e v e r ,
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X  a n d  t h e  m o n o m e r i c  friction coefficients o f  b o t h  c o m p o n e n t s  a r e  still a s s u m e d  to  
b e  i n d e p e n d e n t  o f  c o n c e n t r a t i o n .  T h e  flu x e s  o f  b o t h  c o m p o n e n t s  a r e  w r i t t e n  f r o m  
F i e l d s  l a w  as:
J l  =  ~ A l  V ( fc’B r t/) ( 2 , 1 8 a )
J 2 =  - A 2 V ( 7 7 ' -  (2 .18 b )KBI
w h e r e
A i  =  DiNifc (2.19)
a r e  t h e  O n s a g e r  t r a n s p o r t  coefficients, pi is t h e  c h e m i c a l  p o t e n t i a l  o f  c o m p o n e n t  i 
a n d  U is a n  e x t r a  p o t e n t i a l  a r i s i n g  f r o m  t h e  i n c o m p r e s s i b i l i t y  c o n d i t i o n  0 i  +  0 2 —  1 
o r  J i  +  J 2 =  0  (ie t h e  p o l y m e r  f l u x e s  a r e  e q u a l  a n d  o p p o s i t e ) .  S u b s t i t u t i n g  t h e s e  
e q u a t i o n s  i n t o  e q u a t i o n s  2 . 1 8 a  a n d  2 . 1 8 b  e n a b l e s  t h e  d e t e r m i n a t i o n  o f  U:
U — +  A 2p2 9 0 )
A j  +  A 2
w h i c h  w h e n  i n s e r t e d  i n t o  e q u a t i o n  2 . 1 8 a  yields;
J i  —  — A V ( / i i  —  P2) (2.21)
w h e r e  A  =  AiA2/(Ai +  A 2 ) a n d  p i —  P 2 =  A p  =  d A G m / d ( j ) is f o u n d  f r o m  e q u a t i o n  
1 . 1 0  to  be:
A  p  
kBT i n  (f)\ -  ln  02 +  x ( l  “  2 0 ) (2 .2 2 )
S u b s t i t u t i n g  e q u a t i o n s  2 . 1 9  a n d  2 . 2 2  i n t o  e q u a t i o n  2 . 1 8 a ,  a n d  c o m p a r i n g  t h e  result to  
F i e l d s  d i ffusion e q u a t i o n ,  w e  o b t a i n  a n  e x p r e s s i o n  for t h e  m u t u a l  d i ffusion coefficient:
1 — cj) f  +
-1
[D fN i  D 2*iV2
I n  t h e  s y m m e t r i c a l  c a s e  w h e n  N\ =  A 2 =  N  e q u a t i o n  2 . 2 3  r e d u c e s  to:
(2.23)
CHAPTER 2. M U TU A L D IFFUSION 33
( 2 - 2 4 )
w h i c h  is e q u i v a l e n t  t o  d e  G e n n e s ’ e q u a t i o n  (2.17) for (j) <  — 1 / 2 XN  w i t h :
D* n*
D0 =  — - - - - - - - - - - - - - - - - - - - - - - - - - - (2.25)
2 . 2 . 2  F a s t  T h e o r y
A n  a l t e r n a t i v e  a p p r o a c h  w a s  p r o p o s e d  b y  K r a m e r  et al. [77] w h o  bj' c o m p a r i s o n  
w i t h  t h e  K i r k e n d a l l  effect i n  b r a s s - c o p p e r  c o u p l e s  [78] q u e s t i o n n e d  B r o c h a r d  et aVs 
[76] a s s u m p t i o n  o f  e q u a l  a n d  o p p o s i t e  p o l y m e r  fluxes, a n d  i n t r o d u c e d  v a c a n c i e s  int o  
their m o d e l  o f  a  b i n a r y  p o l y m e r  b l e n d .  T h e  t r a n s p o r t  e q u a t i o n s  b e c o m e :
J i  =  —  A i V ( q i  —  (iv) ( 2 . 2 6 a )
J 2 =  - A 2 V ( q 2 -  Uv) ( 2 . 2 6 b )
Jv =  - A i V ( q i  -  fly) +  A 2 V ( q 2 -  (Iv) (2.26c)
w h e r e  all s y m b o l s  h a v e  t h e  s a m e  m e a n i n g  a s  p r e v i o u s l y  a n d  t h e  v s u b s c r i p t  d e n o t e s  
t h e  v a c a n c i e s .  C o n s e r v a t i o n  o f  F l o r y - H u g g i n s  lattice sites i m p l i e s  that:
J i  +  J 2 +  Jv =  0  (2.27)
w h i c h  r e d u c e s  t o  t h e  ‘s l o w ’ t h e o r y  if J „  =  0. T h e  ‘f a s t ’ t h e o r y  a s s u m e s  t h a t  t h e  
v a c a n c y  c o n c e n t r a t i o n  r e m a i n s  a t  e q u i l i b r i u m  t h r o u g h o u t  t h e  s y s t e m ,  l e a d i n g  t o  
V /iv — 0, t h u s  s i m p l i f y i n g  e q u a t i o n s  2 . 2 6 a  to c. T h e  total flux o f  c o m p o n e n t  1 
a c r o s s  a  fixed p l a n e  is t h e n  t h e  s u m  o f  t h e  flux d u e  t o  t h e  d i f f u s i o n  o f  c o m p o n e n t  
1 (Ji f r o m  e q u a t i o n  2 . 2 6 a )  p l u s  a  t e r m  a c c o u n t i n g  for t h e  m a t e r i a l  f l o w  c r e a t e d  b y  
a n d  o p p o s i t e  to t h e  v a c a n c y  flux ( f r o m  e q u a t i o n  2.26c).
J^ = + (2.28)
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W i t h  Vfiv — 0, this b e c o m e s :
J ?  =  —  (1 —  <#)Ai V / i i  T  V  (J>2
V / i !  a n d  Vfj,2 a r e  f o u n d  f r o m  e q u a t i o n  1 .1 0  a s  before:
V / i i  = kBT
<f>
- — -  +  —  +  2x4(1 -  4)
Ni N2
(2.29)
(2.3 0 a )
V / i 2 ksT 
1 — (j) 1 *  +  4 -  +  2 x ^ ( 1  -  4)Ni N2 V<t> (2 . 3 0 b )
S u b s t i t u t i n g  t h e s e  e q u a t i o n s  a n d  e q u a t i o n  2 . 1 9  i n t o  e q u a t i o n  2 . 2 9  a n d  c o m p a r i n g  
t h e  result t o  F i c k ’s diffu s i o n  e q u a t i o n  o n e  o b t a i n s :
D m  =  [DtN^l-</>) +
T 5 r + s + 2 r f ( I - *>
(2.31)
I n  t h e  s y m m e t r i c a l  c a s e  w h e r e  N x — N2 — N  e q u a t i o n  2 . 3 1  r e d u c e s  to:
D m =  [£>,*(1 ~ 4 )  +  [1 -  -  4)]
w h i c h  a s  b e f o r e  is e q u i v a l e n t  to  e q u a t i o n  2 . 1 7  for 0  <  — 1 / 2 x N  w i t h :
(2.32)
D0 =  D l ( l  -  </>) +  D & (2.33)
2 . 2 . 3  D i s c u s s i o n
I n  t h e  ‘s l o w ’ t h e o r y  D0 is c a l c u l a t e d  a s  t h e  g e o m e t r i c  m e a n  o f  t h e  i n d i v i d u a l  dif­
f u s i o n  coefficients o f  t h e  c o m p o n e n t s .  T h u s ,  o v e r  a  l a r g e  c o n c e n t r a t i o n  r a n g e  t h e  
r a t e  o f  d iffusion is c o n t r o l l e d  b y  t h e  s l o w e r  diff u s i n g  s p e c i e  w h i c h  a c t s  a s  a  barrier, 
p r e v e n t i n g  t h e  faster s p e c i e  f r o m  diffusing. I n  t h e  ‘fast5 t h e o r y  D0 is t h e  a r i t h m e t i c  
m e a n  o f  t h e  i n d i v i d u a l  d i ffusion coefficients o f  t h e  c o m p o n e n t s  a n d  as  s u c h  t h e  faster 
d i f f u s i n g  s p e c i e  d o m i n a t e s  t h e  over a l l  diffusion. A s  t h e  faster s p e c i e  p e n e t r a t e s  t h e
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s l o w e r  o n e ,  t h e  m a t e r i a l  d e n s i t y  t e n d s  t o  rise a n d  w o u l d  d o  s o  u n a c c e p t a b l y  u n ­
less a  flux o f  t h e  s l o w e r  m o l e c u l e s  o c c u r s  i n  t h e  o p p o s i t e  direction. B e c a u s e  t h e s e  
m o l e c u l e s  a r e  t o o  s l u g g i s h  t o  r e l a x  t h e  d e n s i t y  b y  diffusion, t h e y  d o  s o  b y  t h e  faster 
m e c h a n i s m  o f  b u l k  flow. T h e  s l o w e r  s p e c i e  is t h e n  s w e l l e d  b y  t h e  faster o n e  a n d  this 
is a c c o m p a n i e d  b y  a n  interfacial m o v e m e n t  (also d e s c r i b e d  b y  K r a m e r  et al. [77]). 
M o s t  e a r l y  e x p e r i m e n t a l  d a t a  i n  t h e  l i terature c o l l e c t e d  a b o v e  T g a g r e e  w i t h  K r a m e r  
et alls [77] t h e o r y  b o t h  w i t h  r e s p e c t  t o  t h e  interfacial m o v e m e n t  [79, 80] a n d  i n  t h e  
c o n c e n t r a t i o n  d e p e n d e n c e  o f  t h e  m u t u a l  d i f f u s i o n  coefficient [81, 82, 83, 84], K r a m e r  
et alls [77] result w a s  r e p r o d u c e d  b y  Sillescu [85], w h o  a d a p t e d  t h e  H a r t l e y - C r a n k  
e q u a t i o n  ( e q u a t i o n  2.1 6 )  t o  t h e  c a s e  o f  p o l y m e r s  a n d  e v a l u a t e d  t h e  t h e r m o d y n a m i c  
t e r m  u s i n g  t h e  F - H  theo r y .  H i s  result w a s  i d e n t i c a l  t o  e q u a t i o n  2.32.
N e v e r t h e l e s s  this m o d e l  w a s  c o n t r o v e r s i a l  a t  first b e c a u s e  o f  its u s e  o f  a  lattice m o d e l  
w i t h  v a c a n c i e s  to  d e s c r i b e  t h e  d i f f u s i o n  b u t  w i t h o u t  v a c a n c i e s  for d e s c r i b i n g  t h e  t h e r ­
m o d y n a m i c s .  B i n d e r  [8 6] r e p e a t e d  K r a m e r  et alls [77] c a l c u l a t i o n s  u s i n g  v a c a n c i e s  
i n  t h e  F - H  t e r m  o f  t h e  e n e r g y  o f  m i x i n g  ( e q u a t i o n  1.10). I n  d o i n g  s o  h e  o b t a i n e d  
t h e  ‘s l o w ’ t h e o r y  e q u a t i o n  o f  B r o c h a r d  et al. [76]. I n  a d d i t i o n  B r o c h a r d  a n d  d e  
G e n n e s  [87] h a v e  q u e s t i o n n e d  K r a m e r ’s i n t e r p r e t a t i o n  o f  t h e  interfacial m o v e m e n t .  
B y  explicitly a l l o w i n g  for a  c o o p e r a t i v e  t y p e  o f  m o t i o n  a s  t h e  fast s p e c i e  s w e l l e d  
t h e  s l o w e r  o n e ,  t h e y  c l a i m e d  t h a t  o n  t h e  s m a l l  scales a s s o c i a t e d  w i t h  e x p e r i m e n t s  
[79, 80], t h e  m o v e m e n t  w a s  c o n s i s t e n t  w i t h  t h e  s w e l l i n g  o f  a  p o l y m e r  b y  a  s o l v e n t  
r a t h e r  t h a n  o f  b u l k  f l o w  a n d  t h a t  t h e  d e n s i t y  f l u c t u a t i o n s  a l l o w e d  b y  K r a m e r ’s t h e ­
o r y  w o u l d  b e  u n a c c e p t a b l y  large. A t  l o n g e r  l e n g t h  scales t h e y  r e c o v e r  t h e  B r o c h a r d  
et al. result.
2 . 3  R e c e n t  D e v e l o p m e n t s
I n  v i e w  o f  t h e  c o n t i n u i n g  d e b a t e  a b o u t  t h e  relative m e r i t s  o f  t h e  ‘fas t ’ a n d  ‘s l o w ’ 
t h e o r i e s  a n d  b e c a u s e  o f  t h e  i m p o r t a n c e  o f  m u t u a l  d i ffusion in t h e  u n d e r s t a n d i n g  o f  
p o l y m e r  m o l e c u l a r  d y n a m i c s ,  a  n u m b e r  o f  n e w  t h e o r i e s  h a v e  r e c e n t l y  b e e n  p r o p o s e d .
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R a t h e r  t h a n  s t u d y i n g  t h e  p r o c e s s e s  o f  m i x i n g ,  i n t e r m i n g l i n g  a n d  h o m o g e n i s a t i o n  
o f  a  s y s t e m ,  k n o w n  a s  diffusion, t h e  d y n a m i c s  o f  p o l y m e r  b l e n d s  m a y  b e  s t u d i e d  
i n  a n  a l t e r n a t i v e  w a y .  F o r  i n c o m p r e s s i b l e  s y s t e m s  t h e  f l u c t u a t i o n s  o f  t h e  dielectric 
c o n s t a n t  a r e  d i r e c t l y  r e l a t e d  t o  t h e  v o l u m e  f r a c t i o n  f l u c t u a t i o n s  o f  o n e  o f  t h e  species. 
L i g h t  s c a t t e r i n g  e x p e r i m e n t s  c a n  t h e r e f o r e  b e  p e r f o r m e d  to  s t u d y  t h e  d y n a m i c s  a n d  
f l u c t u a t i o n s  a r o u n d  e q u i l i b r i u m  in s y s t e m s  w i t h  n o  m a c r o s c o p i c  g r a d i e n t s .  F r o m  
t h e s e  e x p e r i m e n t s  d y n a m i c  s t r u c t u r e  f a c t o r s  S(q,t) ( t i m e  c o r r e l a t i o n  f u n c t i o n s  o f  
F o u r i e r  m o d e s  o f  c o n c e n t r a t i o n  f l u c t u a t i o n s )  a r e  d e t e r m i n e d .
S(q} t) = <  c9( 0 ) c _ 9(t) > =  S(q) e x p ( - q 2Dt) (2.34)
w h e r e  cq is a  c o n c e n t r a t i o n  f l u c t u a t i o n  o f  w a v e v e c t o r  q, S(q) is t h e  static s t r u c t u r e  
f a c t o r  a n d  D  is t h e  diffu s i o n  coefficient. I n  a  t e r n a r y  i n c o m p r e s s i b l e  m i x t u r e  o f  
h o m o p o l y m e r s  1,2 a n d  3  t h e  i n t e r m e d i a t e  s c a t t e r i n g  f u n c t i o n  o f  c o m p o n e n t  1 c a n  
b e  w r i t t e n  a s  t h e  s u p e r p o s i t i o n  o f  t w o  e x p o n e n t i a l ^  d e c a y i n g  m o d e s :
t) —  A+ e x p (—q2d+t) +  e x p ( — q2d_t) (2.35)
w h e r e  A+ a n d  a r e  a m p l i t u d e s  a n d  t h e  b i m o d a l  r e l a x a t i o n  is a  c o n s e q u e n c e  o f  
t h e  i n c o m p r e s s i b i l i t y  c o n s t r a i n t  w h i c h  e n a b l e s  t h e  d y n a m i c s  o f  o n e  c o m p o n e n t  t o  
b e  e x p r e s s e d  in t e r m s  o f  t h o s e  o f  t h e  o t h e r  t w o  c o m p o n e n t s  [8 8]. T h e  total d y n a m i c  
s t r u c t u r e  f a c t o r  for t w o  p o l y m e r s  i n  a  s o l v e n t  is t h e n :
S(q, t) =  S ,  (q, t) +  S2(q, t) +  2 Sn (q, t) (2.36)
w h e r e  t h e  r e l a x a t i o n  o f  t h e  t h i r d  c o m p o n e n t ,  t h e  solvent, is c o n s i d e r e d  to  b e  fast 
e n o u g h  t o  b e  i g n o r e d  w h e n  c o m p a r e d  t o  t h o s e  o f  t h e  s l o w e r  p o l y m e r s .  B y  a p p l y i n g  
t h e  r a n d o m  p h a s e  a p p r o x i m a t i o n  t o  a n  i n c o m p r e s s i b l e  t e r n a r y  m i x t u r e  a n d  t r e a t i n g  
t h e  t h i r d  c o m p o n e n t  a s  v a c a n c i e s ,  A l c c a s u  et al. [89] h a v e  s t u d i e d  t h e  d e c a y  c o n s t a n t s  
(d+ a n d  c L )  a n d  l i n k e d  t h e m  to  t h e  m u t u a l  diff u s i o n  coefficient. F o r  t h e  kine t i c  p a r t  
o f  t h e  m u t u a l  diff u s i o n  coefficient, t h e y  o b t a i n :
D q — 0102 D 1N 1 D2N2 {D ,N i -  D2N2)+
01 02 0iXhAi + 02D 2A2 + 03D 3A 3 (2.37)
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w h e r e  t h e  s u b s c r i p t s  1 a n d  2  refer t o  t h e  p o l y m e r s  a n d  3  refers t o  t h e  v a c a n c i e s ;
<$3 =  n 3 / ( r q  +  n2) is t h e  v o l u m e  f r a c t i o n  relative t o  m o n o m e r s  o f  c o m p o n e n t s  1 a n d  
2 , a n d  h e n c e  varies f r o m  0  to  infinity a s  n 3 is i n c r e a s e d .  T h u s ,  a s  t h e  v a c a n c i e s  a r e  
r e m o v e d  a n d  </>3 — > 0, e q u a t i o n  2 . 3 7  t e n d s  t o w a r d s  t h e  ‘s l o w ’ t h e o r y  ( e q u a t i o n  2.23). 
A s  t h e  v a c a n c y  c o n c e n t r a t i o n  i n c r e a s e s  <$3 - +  o o  a n d  t h e  t h i r d  t e r m  in  t h e  b r a c k e t s  
d i s a p p e a r s  l e a v i n g  t h e  ‘fas t ’ t h e o r y  p r e d i c t i o n  ( e q u a t i o n  2.31). T h i s  result is inter­
e s t i n g  i n  t h a t  it c a n  b e  l i n k e d  d i r e c t l y  t o  t h e  F r e e  V o l u m e  t h e o r y :  a t  t e m p e r a t u r e s  
b e l o w  T g , free v o l u m e / v a c a n c i e s  d i s a p p e a r  a n d  t h e  ‘s l o w ’ t h e o r y  will d o m i n a t e .  A t  
h i g h  e n o u g h  t e m p e r a t u r e s ,  w e l l  a b o v e  T g , t h e  s y s t e m  will c o n t a i n  a  sufficiently l a r g e  
v o l u m e  o f  free s p a c e  for t h e  ‘fast’ t h e o r y  t o  b e  d o m i n a n t .  E q u a t i o n  2 . 3 7  p r e d i c t s  a  
g r a d u a l  t r a n s i t i o n  f r o m  o n e  t h e o r y  t o  t h e  o t h e r  a s  t h e  t e m p e r a t u r e  o f  t h e  s y s t e m  
is v a r i e d  [90]. T h i s  result w o u l d  e x p l a i n  b o t h  t h e  a b u n d a n c e  o f  e x p e r i m e n t a l  d a t a  
v e r i f y i n g  t h e  ‘fas t ’ t h e o i y  [79, 80, 81, 82, 83, 84], a c q u i r e d  a t  t e m p e r a t u r e s  a b o v e  
T g , a n d  t h e  l a c k  o f  d a t a  d e s c r i b e d  b y  t h e  ‘s l o w ’ t h e o r y ,  for w h i c h  e x t r e m e l y  t i m e  
c o n s u m i n g  e x p e r i m e n t s  b e l o w  t h e  T g o f  b o t h  c o m p o n e n t s  a r e  r e q u i r e d .
A l t e r n a t i v e l y ,  a  m i c r o s c o p i c  a p p r o a c h  h a s  b e e n  s u g g e s t e d  b y  B r e r e t o n  [91] b a s e d  o n  
t h e  p o s i t i o n a l  L a n g e v i n  e q u a t i o n  in  w h i c h  t h e  p o s i t i o n  v e c t o r s  o f  all m o n o m e r s  in  
e a c h  c o m p o n e n t  a r e  w r i t t e n  d o w n  a s  a  f u n c t i o n  o f  t i m e .  I n  a  o n e  c o m p o n e n t  s y s t e m  
o f  N  m o n o m e r s ,  this is:
m o n o m e r  d u e  to i n t e r a c t i o n s  b e t w e e n  t h e  part i c l e  p a i r s  a n d  (t) is t h e  f l u c t u a t i n g  
p a r t  o f  t h e  force e x e r t e d  o n  t h e  m o n o m e r  b y  t h e  solvent. T h e  m e a n  force e x e r t e d  b y
tively a n d  U(T) is a  m e a s u r e  o f  t h e  c l o s e n e s s  t o  T g . F a r  a b o v e  T g , U(T ) -A 0  a n d
t h e  s o l v e n t  ( i g n o r i n g  h y d r o d y n a m i c  i n t e r a c t i o n s  b e t w e e n  m o n o m e r s )  is r e p r e s e n t e d  
b y  £ ^ t y ( t ) .  B y  s o l v i n g  e q u a t i o n  2 . 3 8  B r e r e t o n  f o u n d  a n  e x p r e s s i o n  for t h e  kin e t i c  
p a r t  o f  t h e  m u t u a l  d i ffusion coefficient:
(2.39)
w h e r e  D q a n d  D q a r e  t h e  results o b t a i n e d  b y  t h e  ‘s l o w ’ a n d  ‘fas t ’ t h e o r i e s  r e s p e e -
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e q u a t i o n  2 . 3 9  t e n d s  t o  Dq. A t  l o w e r  t e m p e r a t u r e s ,  t h e  ‘f a s t ’ t h e o r y  is r e c o v e r e d .  
T h i s  result, like t h a t  o f  A l c c a s u  et al. [8 8 , 89, 90] r e c a p t u r e s  t h e  ‘f a s t ’ a n d  ‘s l o w ’ 
t h e o r i e s  a s  t w o  l i m i t i n g  cases. H o w e v e r  t h e  lim i t s  p r e d i c t e d  a r e  i n v e r s e d  u n d e r  t h e  
s a m e  c o n d i t i o n s .  W h e r e a s  t h e  result o f  A k c a s u  et al. [8 8 , 89, 90] a p p e a r s  t o  a g r e e  
w i t h  a v a i l a b l e  d a t a ,  B r e r e t o n ’s result d o e s  n o t .  N e v e r t h e l e s s  n e i t h e r  t h e o r y  c a n  b e  
r u l e d  o u t  until t h e  ‘s l o w ’ t h e o r y  p r e d i c t i o n s  h a v e  b e e n  o b s e r v e d  e x p e r i m e n t a l l y  a t  
t e m p e r a t u r e s  h i g h e r  o r  l o w e r  t h a n  t h e  ‘f a s t ’ t h e o r y .
A  t h i r d  t h e o r y  h a s  r e c e n t l y  b e e n  p r o p o s e d  b y  J a b b a r i  a n d  P e p p a s  [92] t o  e x p l a i n  t h e  
h i g h l y  a s s y m e t r i c  d i f f u s i o n  profiles o b t a i n e d  bj7 t h e m s e l v e s  [93] a n d  S a u e r  a n d  W a l s h  
[94] for s y s t e m s  c o n t a i n i n g  p o l y m e r s  w i t h  g r e a t l y  differing p h y s i c a l  p r o p e r t i e s .  T h e i r  
d i s c u s s i o n  is b a s e d  o n  K r a m e r  et alls d e r i v a t i o n  o f  t h e  ‘f a s t ’ t h e o i y  u s i n g  O n s a g e r  
f o r m a l i s m ,  for a  p o l y m e r  s y s t e m  c o n t a i n i n g  v a c a n c i e s  i n  v e r y  l o w  c o n c e n t r a t i o n s .  
T h e y  d e f i n e  t h e  O n s a g e r  t r a n s p o r t  cofficients o f  t h e  i th s p e c i e  as:
RTN? ,0
A i  =  7 m  2 '4 °)
(ie r e w r i t i n g  e q u a t i o n  2 . 1 9  a n d  r e p l a c i n g  Dj. b y  its e q u i v a l e n t  Dj — RTN?f fjV jNf 
i n  t h e  r e p t a t i o n  m o d e l )  w h e r e  f -n, N? a n d  Vj a r e  t h e  friction coefficient (of a  R o u s e  
c h a i n ) ,  t h e  n u m b e r  o f  r e p e a t  u n i t s  b e t w e e n  e n t a n g l e m e n t s  a n d  t h e  m o l a r  v o l u m e ,  
r espectively. B a s e d  o n  their o w n  o b s e r v a t i o n s  in  b l e n d s  o f  P V C / P M M A  a n d  o n  t h e  
results o f  R o l a n d  a n d  N g a i  [95] o n  P S / P V M E  b l e n d s  t h e y  a s s u m e  t h a t  t h e  friction 
coefficients o f  b o t h  c o m p o n e n t s  a r e  iden t i c a l  b u t  s t r o n g l y  c o m p o s i t i o n  d e p e n d e n t  
a n d  h e n c e  re-define their O n s a g e r  t r a n s p o r t  coefficients for t h e  b l e n d  a s  a  w h o l e :
A ' -  J m *  | ! - 4 1 1
w h e r e  is t h e  friction coefficient o f  t h e  b l e n d  w h i c h  is h i g h l y  c o n c e n t r a t i o n  d e p e n ­
d e n t  if t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  b l e n d  c o m p o n e n t s  a r e  g r e a t l y  different a n d
Nf is t h e  a v e r a g e  n u m b e r  o f  b l e n d  r e p e a t  u n i t s  b e t w e e n  e n t a n g l e m e n t s ,  also h i g h l y  
c o n c e n t r a t i o n  d e p e n d e n t ,  is g i v e n  by:
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w h e r e  V™ is t h e  m o l a r  a v e r a g e  b l e n d  specific v o l u m e ,  Nb is t h e  b l e n d  w e i g h t  a v e r a g e  
n u m b e r  o f  r e p e a t  u n i t s  a n d  qb t h e  b l e n d  z e r o  s h e a r  viscosity. I n  this w a y  t h e y  o b t a i n  
a n  e x p r e s s i o n  for t h e  k i n e t i c  p a r t  o f  t h e  m u t u a l  diff u s i o n  coefficient:
w r  ) \  n i n J  K ’
w h e r e  t h e  first t e r m  d o m i n a t e s  if t h e  t w o  c o m p o n e n t s  a r e  g r e a t l y  different; o t h e r w i s e  
t h e  s e c o n d  t e r m  d o e s ,  a n d  t h e  ‘f a s t5 t h e o r y  ( e q u a t i o n  2.3 1 )  is r e c o v e r e d  b y  r e p l a c i n g  
t h e  t e r m  in t h e  first b r a c k e t s  b y  D\N2 — D 2N2 a s  before.
A l t h o u g h  this t h e o r y  fits their d a t a  [92], o t h e r  results [96, 97, 98] o n  P S / P X E  a n d  
P S  / T M P C  b l e n d s  h a v e  s h o w n  t h a t  t h e  friction coefficients o f  t h e  b l e n d  c o m p o n e n t s  
a r e  n o t  i d entical ( v a r y i n g  b y  f a c t o r s  o f  u p  t o  1 0 4 ), t h e r e b y  u n d e r m i n i n g  t h e  b a s i c  
a s s u m p t i o n  o f  t h e  J a b b a r i  a n d  P e p p a s  t h e o r y  [92]. I n  pa r t i c u l a r ,  K i m  et al. [98] as 
w e l l  a s  s h o w i n g  t h a t  t h e  friction coefficients o f  t h e  c o m p o n e n t s  a r e  different, h a v e  
al s o  s h o w n  t h a t  t h e  rat i o  o f  t h e s e  coefficients is h i g h l y  c o n c e n t r a t i o n  d e p e n d e n t  a n d  
t h a t  t h e s e  ratios, a t  a  g i v e n  c o m p o s i t i o n ,  v a r y  w i t h  t e m p e r a t u r e .  T h e  J a b b a r i  a n d  
P e p p a s  t h e o r y  [92], a l t h o u g h  a p p a r e n t l y  d e s c r i b i n g  s o m e  s y s t e m s  a c c u r a t e l y ,  c a n  b y  
n o  m e a n s  b e  a p p l i e d  t o  p o l y m e r  s y s t e m s  in g e n e r a l .
2 . 4  S u m m a r y
T h e  m u t u a l  d i ffusion coefficient i n  a  p o l y m e r  b l e n d  c a n  b e  e x p r e s s e d  as:
D m =  D0F  (2.44)
w h e r e  U 0 is t h e  kine t i c  t e r m  a n d  F  t h e  t h e r m o d y n a m i c  t e r m .  W i t h i n  t h e  F l o r y -  
H u g g i n s  m o d e l ,  F  h a s  b e e n  d e t e r m i n e d  a n d  is n o n  c o n t r oversial:
FmLFT + lI ~ 2x0(1"0) ( 2 ' 4 5 )
T h e r e  is n o  t h e r m o d y n a m i c  justification for t h e  e x i s t e n c e  o f  a n  e x p r e s s i o n  for D q
i n  t e r m s  o f  t h e  intrinsic m o b i l i t i e s  o f  t h e  b l e n d  c o n s t i t u e n t s ,  b u t  v a r i o u s  t h e o r i e s
( m a k i n g  v a r i o u s  a s s u m p t i o n s )  h a v e  d e t e r m i n e d  p o s s i b l e  e x p r e s s i o n s  for it.
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‘S l o w ’ t h e o r y
‘F a s t ’ t h e o r y
A k c a s u  et al.
Dc
D q =
1 - 0  (j)
~r
D\Ni D 2N 2
D q —  D i A i ( l  —  0 )  +  D2N2(f)
(2.46)
(2.47)
D 1N 1 D2N2 *t* (D 1N 1 -  D 2N2y 0 1 0 2  (2.48)0 i  0 2  0 i  D\N1 +  (j)2D2N2 +  f^D^Ns
w h i c h  t e n d s  t o w a r d s  t h e  ‘s l o w ’ t h e o r y  a t  l o w  t e m p e r a t u r e s  a n d  t h e  ‘f a s t ’ t h e o r y  
a t  h i g h  t e m p e r a t u r e s .
B r e r e t o n
D 0 =
1 - U  U + (2.49)Di J
w h i c h  t e n d s  t o w a r d s  t h e  ‘f a s t ’ t h e o r y  a t  l o w  t e m p e r a t u r e s  a n d  t h e  ‘s l o w ’ t h e o r y  
a t  h i g h  t e m p e r a t u r e s .
J a b b a r i  a n d  P e p p a s
_  (RTN§\/ I - f t  ft (2.50)
w h i c h  t e n d s  t o w a r d s  t h e  ‘f a s t ’ t h e o r y  w h e n  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  
c o m p o n e n t  p o l y m e r s  a r e  similar.
C h a p t e r  3
E x p e r i m e n t a l  M e t h o d
3 . 1  I o n  B e a m  A n a l y s i s  T e c h n i q u e s
T h r o u g h o u t  t h e  1 9 5 0 ’s a n d  1 9 6 0 ’s n u c l e a r  p h y s i c s  r e s e a r c h  w a s  c a r r i e d  o u t  i n  a n  
i n c r e a s i n g l y  l a r g e  n u m b e r  o f  l a b o r a t o r i e s  a r o u n d  t h e  w o r l d  u s i n g  a c c e l e r a t o r s  p r o ­
d u c i n g  i o n  b e a m s  o f  u p  t o  a  f e w  M e V .  T h e  m o s t  c o m m o n l y  u s e d  i o n s  w e r e  p r o t o n s ,  
d e u t e r o n s  a n d  a l p h a  particles. A s  t h e  r e s e a r c h  d e v e l o p e d ,  a  w e a l t h  o f  k n o w l e d g e  
w a s  built u p  o n  t h e  i n t e r a c t i o n  o f  e n e r g e t i c  i o n s  w i t h  n u c l e i  t h r o u g h o u t  t h e  p e r i o d i c  
table. T h e  l e g a c y  o f  a c c e l e r a t o r  t e c h n o l o g y  a n d  b a s i c  n u c l e a r  p h y s i c s  i n f o r m a t i o n  
n o w  f o r m s  t h e  b a c k b o n e  o f  m a n y  s u r f a c e  a n d  i n terface a n a l y t i c a l  t e c h n i q u e s .  A l ­
t h o u g h  m a n y  o f  t h e  p h e n o m e n a  n o w  u s e d  r o u t i n e l y  as  a n a l y t i c a l  t e c h n i q u e s  w e r e  
k n o w n  a b o u t  a n d  o b s e r v e d  in t h e  e a r l y  y e a r s  o f  this c e n t u r y ,  it w a s  n o t  until t h e s e  
t e c h n i q u e s  b e c a m e  relatively c h e a p  t o  p e r f o r m  t h a t  their u s e  g r e a t l y  i n c r e a s e d ,  s o m e  
thir t y  y e a r s  a g o  [99].
T h e  k n o w l e d g e  o f  t h e  p h y s i c a l  a n d  c h e m i c a l  p h e n o m e n a  t a k i n g  p l a c e  n e a r  t h e  s u r ­
f a c e  o f  solids a r e  f u n d a m e n t a l  t o  a  n u m b e r  o f  industries. T r a d i t i o n a l ^  t h e s e  h a v e  
b e e n  solid s t a t e  p h y s i c s  ( g r o w t h  m e c h a n i s m s  o f  t h i n  films, t r a c e r  c o n t a m i n a t i o n  o f  
surfaces, i o n  i m p l a n t a t i o n ) ,  m e t a l l u r g y  ( c o r r o s i o n  p h e n o m e n a ,  s u r f a c e  i m p u r i t i e s )
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a n d  e l e c t r o c h e m i s t r y  ( e l e c t r o d e  b e h a v i o u r ,  i o n  t r a n s p o r t  in  catalysis) b u t  m o r e  re­
c e n t l y  h a v e  i n c l u d e d  t h e  p o l y m e r  i n d u s t r y  (diffusion p h e n o m e n a ,  inte r f a c e  f o r m a ­
tion), w h e r e  a c c u r a t e  q u a n t i t a t i v e  d e t e r m i n a t i o n  a n d  l o c a l i z a t i o n  in  d e p t h  o f  v e r y  
s m a l l  a m o u n t s  o f  e l e m e n t s  is crucial. I n  t h e s e  areas, t h e  n o n - d e s t r u c t i v e  i o n  b e a m  
a n a l y s i s  t e c h n i q u e s  h a v e  b e e n  o f  i m m e n s e  help.
W h e n  e n e r g e t i c  i o n  b e a m s  a r e  i n c i d e n t  o n  s a m p l e s  o f  m a t e r i a l s ,  t h e y  suffer a  w i d e  
r a n g e  o f  interactions, all o f  w h i c h  h a v e  b e e n  m a d e  i n t o  a n a l y s i s  t e c h n i q u e s  (see t a b l e  
3.1).
I n d u c e d  P r o c e s s A n a l y s i s  T e c h n i q u e
X - r a y s P a r t i c l e  I n d u c e d  X - r a y  E m i s s i o n  ( P I X E )
7 - r a y s P a r t i c l e  I n d u c e d  7 - r a y  E m i s s i o n  ( P I G E )
A u g e r  E l e c t r o n s A u g e r  E l e c t r o n  S p e c t r o s c o p y  ( A E S )
R e c o i l  N u c l e i F o r w a r d  R e c o i l  E l a s t i c  S c a t t e r i n g  ( F R E S )  
o r  E l a s t i c  R e c o i l  D e t e c t i o n  A n a l y s i s  ( E R D A )
S c a t t e r e d  I o n s R u t h e r f o r d  B a c k s c a t t e r i n g  ( R B S )
C h a r g e d  R e a c t i o n  P r o d u c t s N u c l e a r  R e a c t i o n  A n a l y s i s  ( N R A )
T r a n s m i t t e d  B e a m S c a n n i n g  T r a n s m i s s i o n  I o n  M i c r o s c o p y  ( S T I M )
S e c o n d a r y  E l e c t r o n s S e c o n d a r y  E l e c t r o n  M i c r o s c o p y  ( S E M )
T a b l e  3.1: P r o c e s s e s  i n d u c e d  b y  a n  e n e r g e t i c  i o n  b e a m  d i r e c t e d  o n t o  a  solid m a t e r i a l  
a n d  t h e  a n a l y s i s  t e c h n i q u e s  d e v e l o p p e d  t o  s t u d y  e a c h  p r o c e s s .
P I X E  E l e c t r o n s  e x c i t e d  to  h i g h e r  e n e r g y  s t a t e s  b y  t h e  i n c i d e n t  i o n s  r e t u r n  t o  their 
g r o u n d  stat e s  a n d  p r o d u c e  x - r a y s  w i t h  e n e r g i e s  c h a r a c t e r i s t i c  o f  t h e  e l e m e n t s  
p r o d u c i n g  t h e m .  T h i s  t e c h n i q u e  c a n  b e  u s e d  w i t h  a  b e a m  o f  n o n - s p e c i f i c  
e n e r g y ,  w i t h  e a c h  i n c i d e n t  part i c l e  p r o d u c i n g  m u l t i p l e  e l e c t r o n  e x c i t a t i o n s  in 
t h e  s a m p l e .  A n y  e x c e s s  e n e r g y  o f  t h e  i n c i d e n t  part i c l e  p r o d u c e s  s e c o n d a r y  
electrons. S p e c t r a  s h o w  a  series o f  p e a k s  o f  different e n e r g i e s  f r o m  w h i c h  ele­
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m e n t a l  p r e s e n c e  c a n  b e  d e t e r m i n e d .  T h e  d e p t h  a n d  c o n c e n t r a t i o n  i n f o r m a t i o n  
a r e  o b t a i n e d  f r o m  d e t a i l e d  c a l i b r a t i o n  s p e c t r a .
P I G E  N u c l e i  a r e  e x c i t e d  t o  h i g h e r  e n e r g y  s t a t e s  b y  i n c i d e n t  i o n s  at  p a r t i c u l a r  
‘r e s o n a n t ’ e n e r g i e s  a n d  d e c a y  t o  their g r o u n d  sta t e s  p r o d u c i n g  7 - r a y s  w i t h  
e n e r g i e s  c h a r a c t e r i s t i c  o f  t h e  n u c l e i  p r o d u c i n g  t h e m .  D e p t h  i n f o r m a t i o n  o n  
c o n c e n t r a t i o n  is o b t a i n e d  b y  v a r y i n g  t h e  b e a m  e n e r g y  a b o v e  t h e  r e s o n a n t  
e n e r g y .
A E S  A n  e l e c t r o n  e x c i t e d  t o  a  h i g h e r  e n e r g y  s t a t e  b y  a n  i n c i d e n t  i o n  r e t u r n s  t o  
its g r o u n d  state, b u t  t h e  e n e r g y  p r o d u c e d  is t r a n s m i t t e d  to  a n o t h e r  e l e c t r o n  
f r o m  t h e  s a m e  (exci t e d )  shell, w h i c h  is e x p e l l e d  f r o m  t h e  a t o m  w i t h  a n  e n e r g y  
c h a r a c t e r i s t i c  o f  t h e  e l e m e n t  p r o d u c i n g  it. T h e  s p e c t r o s c o p y  is t h e n  s i m i l a r  t o  
P I X E .  T h i s  p r o c e s s  is al s o  k n o w n  a s  self ionisation.
F R E S / E R D A  A t o m s  f r o m  t h e  t a r g e t  suffer elastic collisions w i t h  t h e  i n c i d e n t  
i o n s  a n d  a r e  e x p e l l e d  f r o m  t h e  s a m p l e .  E n e r g y  s p e c t r a  s h o w  a  series o f  b r o a d  
distributions, e a c h  c o r r e s p o n d i n g  t o  o n e  e l e m e n t  in t h e  target. U s i n g  colli­
s i o n  classical m e c h a n i c s  a n d  w e l l  k n o w n  r a n g e  a n d  e n e r g y  loss e q u a t i o n s  for 
particles in  m a t t e r ,  t h e  e n e r g y  o f  t h e  d e t e c t e d  particles yields t h e  d e p t h  f r o m  
w h i c h  t h e y  w e r e  s c a t t e r e d .  T h e  e l e m e n t a l  c o n c e n t r a t i o n s  a r e  o b t a i n e d  f r o m  
t h e  c r o s s - s e c t i o n  e q u a t i o n s .
R B S  T h e  i n c i d e n t  i o n s  suffer elastic collisions w i t h  a t o m s  in t h e  s a m p l e  a n d  b o u n c e  
b a c k  o u t  b e f o r e  b e i n g  d e t e c t e d .  D e p t h  a n d  c o n c e n t r a t i o n  i n f o r m a t i o n  is o b ­
t a i n e d  in t h e  s a m e  w a y  a s  for F R E S  a n d  s p e c t r a  s h o w  s i m i l a r  characteristics.
N R A  T h e  i n c i d e n t  i o n s  i n t e r a c t  o n  a  n u c l e a r  level w i t h  o n e  o f  t h e  s p e c i e s  p r e s e n t  
in t h e  target. A  p r o d u c t  o f  t h e  n u c l e a r  r e a c t i o n  is d e t e c t e d  a n d  its e n e r g y  
yields t h e  d e p t h  in t h e  s a m p l e  a t  w h i c h  t h e  r e a c t i o n  o c c u r r e d ,  in  t h e  s a m e  
w a y  a s  for F R E S  a n d  R B S .  C o n c e n t r a t i o n s  a r e  o b t a i n e d  b y  c o m p a r i s o n  w i t h  
a  c a l i b r a t i o n  s p e c t r u m .
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S T I M  A s  t h e  i n c i d e n t  i o n s  p a s s  t h r o u g h  t h e  s a m p l e  t h e y  a r e  s l o w e d  d o w n  a n d  
s o m e  a r e  s t o p p e d .  A n a l y s i s  o f  t h e  i n t e n s i t y  o f  t h e  t r a n s m i t t e d  b e a m  yiel d s  
a  d e n s i t y  m a p  o f  t h e  s a m p l e .  E l e m e n t a l  c o m p o s i t i o n  is n o t  d e t e r m i n e d  w i t h  
this t e c h n i q u e .
S E M  E l e c t r o n s  i n  t h e  t a r g e t  suffer elastic collisions w i t h  t h e  i n c i d e n t  i o n s  a n d  a r e  
set in  m o t i o n .  O n l y  t h o s e  clo s e  t o  t h e  s u r f a c e  a r e  e x p e l l e d  f r o m  t h e  s a m p l e  
a n d  their d e t e c t i o n  y i e l d s  t h e  t o p o g r a p h y  o f  t h e  s a m p l e  surface. H e r e  t o o  t h e  
t e c h n i q u e  d o e s  n o t  y i e l d  t h e  e l e m e n t a l  c o m p o s i t i o n  o f  t h e  target.
F o r  diffu s i o n  s t u d i e s  a c c u r a t e  e l e m e n t a l  c o n c e n t r a t i o n  d e p t h  profiles a r e  r e q u i r e d  s o  
i n  g e n e r a l  all t h e  t e c h n i q u e s  listed a b o v e  e x c e p t  for S T I M  a n d  S E M  a r e  a d e q u a t e .
3 . 2  I o n  B e a m  F a c i l i t y
A  s c h e m a t i c  o f  t h e  i o n  b e a m  facility a t  t h e  U n i v e r s i t y  o f  S u r r e y  is s h o w n  i n  figure 
3.1 w h e r e  t h e  a c c e l e r a t o r  is a  V a n  d e  G r a a f f  c a p a b l e  o f  a c c e l e r a t i n g  H ,  3 H e  a n d  4 H e  
b e a m s  u p  t o  e n e r g i e s  o f  2 M e V .  T h e  s o u r c e  is c o n t a i n e d  a s  a  g a s  i n  a n  a l u m i n i u m  
cylin d e r .  A  r a d i o  f r e q u e n c y  m a g n e t i c  field is a p p l i e d  t o  t h e  g a s  f r o m  t h e  c y l i n d e r  
c a u s i n g  t h e  v a l e n c y  e l e c t r o n s  a n d  t h e  rest o f  t h e  a t o m  t o  oscillate w i t h  a  ir p h a s e  
difference. A n  electric field (0.7 t o  2 M e V )  is t h e n  a p p l i e d ,  s e p a r a t i n g  t h e  t w o  t y p e s  o f  
p a rticles a n d  a c c e l e r a t i n g  t h e  p o s i t i v e  i o n s  d o w n  t h e  line. A n  N M R  p r o b e  c o n t r o l l e d  
m a g n e t i c  field deflects t h e  i o n s  d o w n  t h e  r e q u i r e d  b e a m  line, a c t i n g  a s  a n  e n e r g y  
filter in  p u r i f y i n g  a n d  h o m o g e n i s i n g  t h e  b e a m  t o  o b t a i n  m o n o e n e r g e t i c  particles. 
T h e  b e a m  is t h e n  c o l l i m a t e d  a n d  d i r e c t e d  t o w a r d s  t h e  v a c u u m  c h a m b e r  a n d  t a r g e t  
b y  t w o  sets o f  p e r p e n d i c u l a r  electric field deflectors.
T h e  l a y o u t  is identical for b o t h  N R A  a n d  R B S  w i t h  t h e  a n g l e  o f  d e t e c t i o n  b e i n g  1 6 5 °  
t o  t h e  i n c i d e n t  b e a m .  T h e  e q u i p m e n t ,  a p a r t  f r o m  t h e  d e t e c t o r  a n d  pre - a m p l i f i e r ,  
is also i d e n t i c a l  in  b o t h  cases. S a m p l e s  a r e  i n t r o d u c e d  i n t o  t h e  v a c u u m  c h a m b e r  
v i a  t h e  l o a d  l o c k  u s i n g  a  w o b b l e - s t i c k  a n d  a r e  m o u n t e d  o n t o  t h e  r o t a t a b l e  s a m p l e
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A m p l i f i e rOscilloscope
b ) Detector surface
Triple- a  s o u r c e .
.. • Collimator
M a g n e t
F i g u r e  3.1: S c h e m a t i c  d i a g r a m  o f  t h e  e x p e r i m e n t a l  a r r a n g e m e n t  s h o w i n g  a) a n  
overall v i e w  a n d  b) t h e  detail a r o u n d  t h e  d e t e c t o r .
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h o l d e r .  T h e  s a m p l e  c h a n g i n g  p r o c e d u r e  t y p i c a l l y  t a k e s  5  t o  1 0  m i n u t e s  after w h i c h  
t h e  w o r k i n g  v a c u u m  o f  ~  1 0 ~ 6 T o r r  is r e c o v e r e d .  T h e  r o t a t a b l e  s a m p l e  h o l d e r  is 
u s e d  t o  alter t h e  a n g l e  o f  i n c i d e n c e  (9 ) o f  t h e  b e a m  t o  t h e  t a r g e t  (see figure 3.2). 
T h i s  c h a n g e s  t h e  profiled d e p t h  a n d  t h e  d e p t h  resolution. A s  ip i n c r e a s e s  ( u p  to 
(p =  9 0 °  c o r r e s p o n d i n g  t o  n o r m a l  i n c i d e n c e ) ,  t h e  profiled d e p t h  ( d ’) increases. T h e  
d e p t h  r e s o l u t i o n  h o w e v e r  i m p r o v e s  a s  tp d e c r e a s e s ;  s u p p l y i n g  t h e  s a m e  q u a n t i t y  o f  
i n f o r m a t i o n ,  b u t  a c q u i r e d  f r o m  a  d e c r e a s i n g  d e p t h .  A l t e r i n g  t h e  b e a m  e n e r g y  also 
affects t h e s e  t w o  p a r a m e t e r s :  t h e  h i g h e r  t h e  b e a m  e n e r g y  t h e  g r e a t e r  t h e  profiled 
d e p t h ,  t h e  l o w e r  t h e  resolu t i o n .  I n  p ractice, o p t i m i s e d  v a l u e s  o f  <p a n d  b e a m  e n e r g y  
m u s t  b e  u s e d  to  o b t a i n  t h e  b e s t  results w h e n  t r y i n g  to  profile a  g i v e n  d e p t h .  T h i s  
o p t i m i s a t i o n  is p e r f o r m e d  by a  c o m p u t e r  p r o g r a m  u s i n g  t h e  r e l a t i o n s  d e s c r i b e d  b }7 
D i e u m e g a r d  et al. [100].
F i g u r e  3.2: D i a g r a m  s h o w i n g  h o w ,  for a  g i v e n  i n c i d e n t  b e a m  e n e r g ) 7, t h e  a n g l e  o f  
i n c i d e n c e  t o  t h e  s a m p l e  <p alters t h e  r e s o l u t i o n  a n d  t h e  p r o f i l e d  d e p t h  d \
A n  a b s o l u t e  m e a s u r e m e n t  o f  b e a m  c u r r e n t  w o u l d  r e q u i r e  a  F a r a d a y  c a g e  a r o u n d  t h e  
s a m p l e  w i t h  electric field s u p p r e s s i o n  a t  t h e  e n t r a n c e .  F o r  i n t e r - s a m p l e  n o r m a l i s a ­
t i o n  a n d  c u r r e n t  i n t e n s i t y  m o n i t o r i n g  h o w e v e r ,  o n l y  a  p r o p o r t i o n a l  m e a s u r e m e n t  is 
n e c e s s a r y .  F o r  c o n d n c t i n g  s a m p l e s  t h e  b e a m  c u r r e n t  c a n  b e  m o n i t o r e d  bj7 m e a s u r i n g  
t h e  c u r r e n t  t h r o u g h  t h e  i s o l a t e d  ( m e t a l )  s a m p l e  h o l d e r  w i t h  a n  e x t e r n a l  a m m e t e r .  
F o r  p a r t i a l l y  i n s u l a t i n g  p o l y m e r  s a m p l e s  o n t y  a  f r a c t i o n  o f  t h e  i o n  b e a m  is c o n d u c t e d  
t o  t h e  h o l d e r .  T h e  f r a c t i o n  o f  i o n  b e a m  c u r r e n t  m o n i t o r e d  is d e p e n d e n t  o n  t h e  t y p e  
a n d  t h i c k n e s s  o f  t h e  p o l y m e r  s a m p l e .
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A  w i r e  g r a t i n g  w h i c h  intersects t h e  b e a m  h a s  t h e r e f o r e  b e e n  p l a c e d  u p s t r e a m  o f  
t h e  s a m p l e  in t h e  b e a m  line, a t  t h e  o p e n i n g  t o  t h e  c h a m b e r .  T h e  g r a t i n g ,  m a d e  o f  
GOfiiTi d i a m e t e r  g o l d  wires, 1 . 2 m m  a p a r t ,  effectively s a m p l e s  5 %  o f  t h e  initial b e a m  
c u r r e n t ,  w h i c h  is c h a n n e l l e d  off t o  t h e  a m m e t e r  i n d e p e n d e n t l y  o f  s a m p l e  c o n d u c t i v ­
ity. B e c a u s e  t h e  b e a m  c u r r e n t  c a n  v a r y  d u r i n g  a  m e a s u r e m e n t  it is t h e  total c h a r g e  
( i n t e g r a t e d  c u r r e n t )  w h i c h  is r e c o r d e d  r a t h e r  t h a n  t h e  t i m e  d e p e n d e n t  c u r r e n t .  T h e  
l e a d  f r o m  t h e  s a m p l e  h o l d e r  m u s t  n e v e r t h e l e s s  b e  left i n  p l a c e  a n d  e a r t h e d  a t  t h e  
o t h e r  e n d  in o r d e r  t o  c o n d u c t  t h e  d e p o s i t e d  c h a r g e  a w a y  f r o m  t h e  s a m p l e  to  p r e v e n t  
s p a r k  d i s c h a r g e .
A  m a g n e t  a n d  a  c o l l i m a t o r  a r e  p l a c e d  i n  f r o n t  o f  t h e  d e t e c t o r .  T h e  m a g n e t  defleets 
s e c o n d a r y  e l e c t r o n s  a n d  p r e v e n t s  s p u r i o u s  s i g n a l s  a n d  t h e  c o l l i m a t o r  r e d u c e s  t h e  
solid a n g l e  o f  d e t e c t i o n  a n d  i n c r e a s e s  t h e  s y s t e m ’s resolution. A  t r i p l e - a  s o u r c e  ( P u ,  
A m ,  C u )  p r o d u c i n g  particles w i t h  e n e r g i e s  o f  5 . 1 5 6 M e V ,  5 . 4 8 7 M e V  a n d  5 . 8 0 5 M e V  
respectively, is p e r m a n e n t l y  p l a c e d  in  t h e  v a c u u m  c h a m b e r  for c a l i b r a t i o n  p u r p o s e s .
3 . 3  N u c l e a r  R e a c t i o n  A n a l y s i s
A l t h o u g h  N u c l e a r  R e a c t i o n  A n a l y s i s  ( N R A )  h a s  b e e n  u s e d  for m a n y  y e a r s  for p r o ­
filing light e l e m e n t s  i n  v a r i o u s  m a t r i c e s  [1 0 1 ] it h a s  o n l y  r e c e n t l y  b e e n  a p p l i e d  t o  
t h e  s t u d y  o f  p o l y m e r  i n t e r diffusion [1 0 2 ]. I n  o r d e r  t o  s t u d y  m a c r o s c o p i c  r e l a x a t i o n s  
o f  c o n c e n t r a t i o n  g r a d i e n t s  it is essential t h a t  t h e  a n a l y s i s  t e c h n i q u e  u s e d  b e  a b l e  
t o  d i s t i n g u i s h  b e t w e e n  t h e  v a r i o u s  c o m p o n e n t s  o f  t h e  s y s t e m .  H o w e v e r ,  all p o l y ­
m e r s  a r e  m a d e  u p  o f  t h e  s a m e  e l e m e n t s ,  c a r b o n  a n d  h y d r o g e n ,  o n l y  o c c a s i o n a l l y  
c o n t a i n i n g  a n  e x t r a  e l e m e n t  s u c h  a s  o x y g e n  o r  chlorine. F o r  this r e a s o n ,  in o r d e r  to  
s t u d y  i n t e r - p o l y m e r  diffusion, d e u t e r i u m  is s u b s t i t u t e d  for h y d r o g e n  in o n e  o f  t h e  
t w o  p o l y m e r s  u s e d  in t h e  s y s t e m .  T h e  l o c a t i o n  o f  t h e  d e u t e r i u m  is t h e n  m a p p e d  
u s i n g  N R A  w i t h  t h e  f o l l o w i n g  n u c l e a r  r e a c t i o n :
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w h e r e  t h e  e n e r g y  r e l e a s e  ( Q )  o f  this r e a c t i o n  is 1 8 . 3 4 3 M e V  [103]. T h i s  i s o t o p i c  
s u b s t i t u t i o n  is n o t  c o m p l e t e l y  i i ^ o c u o u s  [104], c r e a t i n g  a  s m a l l  p o s i t i v e  F l o r y - H u g g i n s  
i n t e r a c t i o n  p a r a m e t e r  ( x )  b e t w e e n  t h e  p r o t o n a t e d  a n d  d e u t e r a t e d  v e r s i o n s  o f  t h e  
s a m e  s p e c i e  [37]. H o w e v e r  t h e  effect is insignificant c o m p a r e d  t o  t h e  m u c h  l a r g e r  
v a l u e s  o f  x  e x i s t i n g  b e t w e e n  u n l i k e  p o l y m e r s .  I s o t o p i c  s u b s t i t u t i o n  is also u s e d  i n  a  
n u m b e r  o f  o t h e r  t e c h n i q u e s  i n c l u d i n g  F R E S .
T h e  r e a c t i o n  p r o d u c t s  ( p r o t o n s  a n d  a - p a r t i c l e s )  a r e  d e t e c t e d  a t  a n  a n g l e  o f  1 6 5 °  
b y  a n  e n e r g y  s e nsitive 1 5 0 0 / x m  t h i c k  silicon s u r f a c e  b a r r i e r  d e t e c t o r  ( O r t e c  C A - 1 7 -  
1 0 0 - 1 5 0 0 ) ,  p l a c e d  1 0 c m  a w a y  f r o m  t h e  s a m p l e  b e h i n d  a  2 m m  t h i c k  b r a s s  c o l l i m a t o r  
c o n t a i n i n g  a  r e c t a n g u l a r  a p e r t u r e  2 m m  w i d e  a n d  1 0 m m  h i g h .  T h e  s i g n a l  p r o d u c e d  
by t h e  d e t e c t o r  is r o u t e d  t h r o u g h  a  p r e a m p l i f i e r  ( O r t e c  1 4 2 A H )  a n d  a n  a m p l i f i e r  
( O r t e c  6 7 1 )  b e f o r e  b e i n g  r e c o r d e d  o n  a  2 0 4 8  c h a n n e l  ( O r t e c  A C E  2 0 0 0 )  M u l t i -  
C h a n n e l  A n a l y s e r  ( M C A ) .
T h e  r e a s o n s  for c h o o s i n g  a  l a r g e  ( b a c k w a r d )  d e t e c t i o n  a n g l e  a r e  t w o f o l d :
•  It e n a b l e s  t h e  u s e  o f  a  m u c h  w i d e r  r a n g e  o f  b e a m  i n c i d e n t  a n g l e s  t o  t h e  s a m ­
ple; f r o m  g l a n c i n g  (at w h i c h  a  d e p t h  o f  ^  0.1pm c a n  b e  p rofiled w i t h  h i g h  
re s o l u t i o n )  t o  n o r m a l  i n c i d e n c e  ( w h e r e  u p  t o  8pm c a n  b e  profiled w i t h  t h e  
s a m e  f r a c t i o n a l  r e s o l u t i o n ) .
•  T h e  m u c h  l a r g e r  v a l u e  o f  at  f o r w a r d  a n g l e s  r e q u i r e s  a  n a r r o w e r  c o l l i m a t o r  
slit in  f r o n t  o f  t h e  d e t e c t o r  a n d  a  n a r r o w e r  b e a m  w i d t h .  D e t e c t i o n  at  b a c k w a r d  
a n g l e s  t h e r e f o r e  r e q u i r e s  l o w e r  c u r r e n t  d e nsities for d a t a  a c q u i s i t i o n  a n d  t h u s  
e n a b l e s  t h e  s t u d y  o f  b e a m  s e nsitive p o l y m e r s  s u c h  a s  P M M A .
A s  t h e  i n c i d e n t  particles hit t h e  t a r g e t  s o m e  will r e a c t  w i t h  t a r g e t  n u c l e i  a t  t h e  
s u r f a c e  b u t  t h e  o v e r w h e l m i n g  m a j o r i t y  will p e n e t r a t e  int o  t h e  s a m p l e  b e f o r e  reac t i n g .  
A s  a n  i o n  t r a v e r s e s  t h e  s a m p l e  its e n e r g y  will d e c r e a s e  b y  a n  a m o u n t  w h i c h  d e p e n d s  
o n  its velocit}*- a n d  t h e  d e n s i t y  a n d  c o m p o s i t i o n  o f  t h e  target. T h e  a v e r a g e  e n e r g y
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loss p e r  u n i t  l e n g t h  ( t h e  ‘s t o p p i n g  p o w e r  j  is d e f i n e d  as:
.. A E  d E , , »I n n  — —  =  — (E) (3.2)*-»o Ax dx
for o n e  t y p e  o f  particle t r avelling in  o n e  p a r t i c u l a r  m e d i u m  w i t h  a  specific e n e r g y .  
T h e s e  s t o p p i n g  p o w e r s  h a v e  b e e n  m e a s u r e d  for a  w i d e  r a n g e  o f  b e a m  particles, 
e n e r g i e s  a n d  t a r g e t s  s i n c e  t h e  e a r l y  d a y s  o f  n u c l e a r  p h y s i c s  a n d  h a v e  b e e n  listed 
a n d  t a b u l a t e d  i n  m a n y  p u b l i c a t i o n s .  T h e  m o s t  w i d e l y  a c c e p t e d  t a b u l a t i o n  is t h a t  
o f  Z i e g l e r  a n d  Biersaclc [105]. K n o w i n g  t h e  c o m p o s i t i o n  a n d  d e n s i t y  o f  t h e  t a r g e t  
m a t e r i a l  a n d  u s i n g  classical m e c h a n i c s  t o  c a l c u l a t e  t h e  i n t e r a c t i o n  m e c h a n i c s  [106], 
t h e  e n e r g y  loss o f  t h e  i n c i d e n t  parti c l e  in  t h e  t a r g e t  b e f o r e  i n t e r a c t i o n  a n d  t h e  e n e r g y
loss o f  t h e  r e a c t i o n  p r o d u c t s  l e a v i n g  t h e  s a m p l e  c a n  b o t h  b e  c a l c u l a t e d .  A  o n e  to
o n e  r e l a t i o n s h i p  exists b e t w e e n  d e t e c t e d  r e a c t i o n  p r o d u c t  e n e r g y  a n d  i n t e r a c t i o n  
d e p t h ,  w h i c h  is u s e d  to  c a l i b r a t e  t h e  s p e c t r u m .
A  t y p i c a l  profile o b t a i n e d  f r o m  a  u n i f o r m l y  d e u t e r a t e d  s a m p l e  is s h o w n  in  figure 3.3 
w h e r e  t h e  v a r i o u s  f e a t u r e s  a r e  i n d i c a t e d .  T h e  v a r i a t i o n  in  p r o t o n  a n d  a - p a r t i c l e  y i e l d  
w i t h  e n e r g y  is m a i n l y  d u e  t o  t h e  e n e r g y  d e p e n d e n c e  o f  t h e  r e a c t i o n  cross-section. 
T h e  a n a l y s i s  is p e r f o r m e d  o n  t h e  p r o t o n  r a t h e r  t h a n  o n  t h e  a - p a r t i c l e  s p e c t r u m  
b e c a u s e :
•  T h e  e n e r g i e s  o f  t h e  p r o d u c t  p r o t o n s  ( ^ 1 3 M e V ) ,  u n l i k e  t h o s e  o f  t h e  cn-particles, 
a r e  c o m p l e t e l y  s e p a r a t e d  f r o m  t h e  e n e r g i e s  o f  t h e  p r o d u c t s  o f  a n y  c o m p e t i n g  
r e a c t i o n s  (eg: 12C ( 3H e ,  p ) 14N  p r o d u c i n g  4  t o  5 M e V  p r o t o n s  for i n c i d e n t  b e a m  
e n e r g i e s  >  1 . 3 M e V ) .
*  T h e  i n c i d e n t  3 H e  loses e n e r g y  a s  it p e n e t r a t e s  t h e  target. T h i s  r e d u c t i o n  
i n  f o r w a r d  m o m e n t u m  results i n  t h e  d e t e c t i o n  a t  b a c k w a r d  a n g l e s  o f  h i g h e r  
e n e r g y  p r o d u c t  oi-particles a n d  p r o t o n s .  H o w e v e r ,  t h e  a s  lose e n e r g y  c o m i n g  
o u t  o f  t h e  s a m p l e  w h e r e a s  t h e  e n e r g y  loss o f  t h e  p r o t o n s  is negligible. T h i s  
h a s  t h e  effect o f  c o m p r e s s i n g  t h e  a e n e r g y  s p e c t r u m  a n d  results in a  loss o f  
d e p t h  resolution.
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1 5 0 0  -
1 0 0 0  -
R B S  s p e c t r u m  
f r o m  C a r b o n
5 q q  _ i a  s p e c t r u m
0
D T r i p l e - a  p e a k s
P r o t o n  s p e c t r u m
0 1 0 0 0
C h a n n e l  n u m b e r  / E n e r g y
2 0 0 0
F i g u r e  3.3: T y p i c a l  N R A  s p e c t r u m  o b t a i n e d  f r o m  a  u n i f o r m l y  d e u t e r a t e d  p o l y ­
m e r .  T h e  p r o t o n  a n d  c o r r e s p o n d i n g  a s p e c t r a  a r e  clearly visible a s  a r e  t h e  t r iple-a 
c a l i b r a t i o n  p e a k s  a n d  t h e  l o w  e n e r g y  b a c k s e a t t e r e d  3 H e  nuclei.
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I n  p r i n c i p l e  t h e  c o n c e n t r a t i o n  d e p t h  profile c a n  b e  o b t a i n e d  b y  d i v i d i n g  t h e  p r o t o n  
e n e r g y - d e p e n d e n t  y i e l d  b y  t h e  e n e r g y - d e p e n d e n t  differential c r o s s - s e c t i o n  for t h e  re­
a c t i o n  c o n v o l u t e d  w i t h  t h e  d e p t h - d e p e n d e n t  e n e r g y  resolu t i o n ,  a n d  a l l o w i n g  for loss
d o n e  - n o t  least b e c a u s e  o f  t h e  l a r g e  n u m b e r  o f  v a l u e s  for t h e  c r o s s - s e c t i o n  avail­
a b l e  i n  t h e  literature [107, 10 8 ,  10 9 ,  1 1 0 ,  111 ]  v a r y i n g  b y  a s  m u c h  a s  3 0 % .  I n s t e a d  
t h e  e x p e r i m e n t a l  s p e c t r u m  f r o m  a  d i f f u s e d  p o l y m e r  c o u p l e  is d i v i d e d  b y  o n e  f r o m  
a  s a m p l e  w i t h  a  u n i f o r m  d e u t e r i u m  c o n c e n t r a t i o n ,  y i e l d i n g  a  c o n c e n t r a t i o n  profile 
w i t h  a r b i t r a r y  u n i t s  o f  c o n c e n t r a t i o n .  T h e  p r o c e s s  is s h o w n  i n  figure 3.4. I d e a l l y  o n e  
w o u l d  d e c o n v o l u t e  t h e  e n e r g y  r e s o l u t i o n  f r o m  b o t h  s p e c t r a  b e f o r e  d i v i d i n g ,  b u t  c o m ­
p u t a t i o n a l l y  this is e x t r e m e l y  difficult. H o w e v e r ,  a s  l o n g  a s  t h e  r e s o l u t i o n  is s m a l l  
c o m p a r e d  t o  t h e  total d e p t h  p rofiled (as h e r e  w h e r e  aza 2 - 5 0 A  v e r s u s  1 0 0 0 0A )  
t h e n  t h e  d i ffusion coefficient is n o t  a f f e c t e d  b y  d i v i d i n g  t h e  r a w  s p e c t r a .  T h e  n o r ­
m a l i s a t i o n  is t h e n  p e r f o r m e d  e i t h e r  b y  c o n s e r v a t i o n  o f  m a s s  ( c o m p a r i n g  a r e a s  u n d e r  
t h e  profiles o f  u n a n n e a l e d  a n d  d i f f u s e d  s a m p l e s  c o n t a i n i n g  i d e n t i c a l  a m o u n t s  o f  d e u ­
t e r i u m )  o r  b y  c o m p a r i s o n  o f  t h e  tot a l  c h a r g e  d e p o s i t e d  o n  e a c h  s a m p l e  d u r i n g  d a t a  
a c q uisition.
3 . 4  R u t h e r f o r d  B a c k s c a t t e r i n g
R u t h e r f o r d  B a c k s c a t t e r i n g  ( R B S )  i n v o l v e s  b o m b a r d i n g  a  t a r g e t  w i t h  a c c e l e r a t e d  
i o n s  a n d  m e a s u r i n g  t h e  e n e r g i e s  o f  the i r  n u c l e i  w h e n  t h e y  e m e r g e  f r o m  t h e  t a r g e t  
after t h e y  h a v e  s u f f e r e d  elastic collisions a n d  h a v e  b e e n  s c a t t e r e d  a t  a n  a n g l e  g r e a t e r  
t h a n  90°. T h e  e n e r g y  a n d  t h e  y i e l d  o f  t h e  s c a t t e r e d  n u c l e i  g i v e  i n f o r m a t i o n  a b o u t  
t h e  t a r g e t  e l e m e n t a l  c o m p o s i t i o n  a s  a  f u n c t i o n  o f  d e p t h  [1 1 2 ]. A  p a r a m e t e r  k n o w n  
a s  t h e  k i n e m a t i c  f a c t o r  (K ) is defin e d :
w h e r e  E'Q1 a n d  V J  j a r e  t h e  e n e r g i e s  a n d  velocities o f  t h e  b e a m  n u c l e i  i m m e d i a t e l y  
p r i o r  to  a n d  i m m e d i a t e l y  after t h e  collision. A s  t h e  projectiles p e n e t r a t e  t h e  t a r g e t
o f  b e a m  i n t e n s i t y  d u e  t o  i o n  elastic a n d  r e a c t i o n  s c a ttering. I n  p r a c t i c e  this is n o t
(3.3)
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D e p t h  ( p m )
F i g u r e  3.4: N o r m a l i s a t i o n  p r o c e s s  s h o w i n g  a) a  p r o t o n  s p e c t r u m  o b t a i n e d  f r o m  a  
s a m p l e  c o n t a i n i n g  a  u n i f o r m  d e u t e r i u m  d i s t r i b u t i o n  u s i n g  a  l . S M e V  b e a m ,  b)  a  
t y p i c a l  p r o t o n  s p e c t r u m  o b t a i n e d  f r o m  a n  u n a n n e a l e d  s a m p l e  u s i n g  a  0 . 7 M e V  b e a m  
a n d  c) t h e  c o n c e n t r a t i o n  profile o b t a i n e d  b y  d i v i d i n g  b) b y  a), w h e r e  t h e  d e p t h  
sca l e  w a s  f o u n d  u s i n g  s t o p p i n g  p o w e r  a n d  r a n g e  e q u a t i o n s  t a b u l a t e d  b y  Z i e g l e r  a n d  
B i e r s a c k  [105].
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t h e y  a r e  s l o w e d  d o w n  a n d  their e n e r g y  a t  collision {Eq) is l o w e r  t h a n  it is for a  t a r g e t  
e l e m e n t  a t  t h e  surface. I n  t h e  s a m e  w a y ,  a  s c a t t e r e d  part i c l e  ( w i t h  e n e r g y  E[ after 
collision) r e t u r n i n g  t o  t h e  s u r f a c e  will al s o  lose e n e r g y  (see figure 3.5).
E \ = K E ’C
F i g u r e  3.5: D i a g r a m  s h o w i n g  t h e  b a s i c  p r i n c i p l e s  o f  R B S .
T h e  s p e c t r u m  o b t a i n e d  for e a c h  t a r g e t  e l e m e n t  is t h e r e f o r e  b r o a d ,  w i t h  t h e  h i g h e s t  
e n e r g i e s  c o r r e s p o n d i n g  t o  s u r f a c e  s c a t t e r i n g s  a n d  l o w e r  e n e r g i e s  c o r r e s p o n d i n g  to  
s c a t t e r i n g s  a t  d e p t h .  A  t y p i c a l  R B S  s p e c t r u m  is s h o w n  in figure 3.6. A s  for N R A ,  a  
o n e  t o  o n e  r e l a t i o n s h i p  c a n  b e  f o u n d  to  c o n v e r t  t h e  d e t e c t e d  b a c k s c a t t e r e d  n u c l e u s  
e n e r g y  sca l e  t o  a  d e p t h  scale. It is easily s h o w n  [106] that:
2
K
Mn
M a +  M
M 2±  [ j -p  -  sin 9 j +  c o s  6 f M  -  M a 
\M  +  M a (3.4)
w h e r e  M a is t h e  m a s s  o f  t h e  projectile (a  4 H e  n u c l e u s  o r  a - p a r t i c l e  for t h e  p u r p o s e s  
o f  this d i s s e r t a t i o n ) , M  is t h e  m a s s  o f  t h e  t a r g e t  n u c l e u s  a n d  9 is t h e  a n g l e  b e t w e e n  
t h e  b e a m  d i r e c t i o n  a n d  t h e  d e t e c t o r  ( 1 5 °  a t  S u r r e y  U n i v e r s i t y ) .  T h e  a p p r o x i m a t i o n  
is v a l i d  a s  9 - »  0, a n d  o n l y  r e p r e s e n t s  a n  e r r o r  o f  2 %  for light e l e m e n t s  ( w h e r e  it is 
largest) u n d e r  t h e  S u r r e y  g e o m e t r y .  C o n s e r v a t i o n  o f  e n e r g y  a n d  m o m e n t u m  d i c t a t e  
t h a t  n o  e l e m e n t  lighter t h a n  t h e  i n c i d e n t  b e a m  p article c a n  g i v e  rise t o  b a c k s c a t t e r e d  
s p e c t r a .  E q u a t i o n  3. 4  s h o w s  t h a t  t h e  s u r f a c e  s c a t t e r i n g  e n e r g y  {K  x  E , w h e r e  E  
is t h e  b e a m  e n e r g y )  i n c r e a s e s  w i t h  t h e  t a r g e t  m a s s  (M ). F o r  a  t a r g e t  c o m p o s e d  
o f  v a r i o u s  e l e m e n t s ,  a  series o f  b r o a d  s p e c t r a  will b e  o b s e r v e d ,  o n e  c o r r e s p o n d i n g  
t o  e a c h  t a r g e t  e l e m e n t .  T o  s t u d y  t h e  s p e c t r u m  o f  o n e  specific e l e m e n t  idea l l y  it is 
d e s i r a b l e  t h a t  s p e c t r a  d o  n o t  o v e r l a p ,  a n d  in  o r d e r  to  o b t a i n  t h e  larg e s t  d e p t h  o f
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profiling Ax oc A E  =  (K\ —  K 2)E  m u s t  b e  a s  l a r g e  a s  p ossible; w h e r e  s u b s c r i p t  1 
refers t o  t h e  e l e m e n t  o f  interest a n d  s u b s c r i p t  2 refers t o  t h e  t a r g e t  e l e m e n t  w i t h  
m a s s  n e a r e s t  t o  t h a t  o f  e l e m e n t  1 . T h e r e f o r e  K\ — K 2 m u s t  b e  m a x i m i s e d  ( a c h i e v e d  
b y  u s i n g  R B S  to  s t u d y  a  h e a v y  e l e m e n t  i n  a  m a t r i x  o f  lighter e l e m e n t s )  a n d  E  m u s t  
b e  a s  l a r g e  a s  p o s s i b l e  (2M e V  a t  S u r r e y ) .
R u t h e r f o r d  B a c k s c a t t e r i n g  is d i s c u s s e d  i n  m a n y  n u c l e a r  p h y s i c s  t e x t s  a n d  t h e  differ­
ential c r o s s - s e c t i o n  ( p r o p o r t i o n a l  t o  t h e  p r o b a b i l i t y  o f  s c a t t e r i n g  a n  i n c i d e n t  n u c l e u s  
b y  a  t a r g e t  n u c l e u s  i n t o  u n i t  solid a n g l e  a t  a n g l e  0 t o  t h e  b e a m )  is g i v e n  b y  (see for 
e x a m p l e  W i l l i a m s  [113]):
=  ( Z ^ L ) \ oseA  (3.5)
dO \16ttcEoJ 2 v 7
w h e r e  Z  a n d  Za a r e  t h e  m a s s e s  o f  t h e  t a r g e t  a n d  projectile, e t h e  p e r m i t t i v i t y  o f  
t h e  m e d i u m ,  e t h e  e l e c t r o n i c  c h a r g e  a n d  Eq t h e  kinetic e n e r g y  o f  t h e  projectile 
a t  t h e  p o i n t  o f  scatte r i n g .  H e a v y  e l e m e n t s  p r o d u c e  a  g r e a t e r  y i e l d  p e r  a t o m  t h a n  
lighter o n e s  (Z 2 d e p e n d e n c e )  a n d  c a n  t h e r e f o r e  b e  d e t e c t e d  a n d  profiled a t  v e i y  l o w  
c o n c e n t r a t i o n s .  T o  c o n v e r t  t h e  y i e l d  t o  a  c o n c e n t r a t i o n  t h e  (I/Eq)2 d e p e n d e n c e  o f  
t h e  differential c r o s s - s e c t i o n  m u s t  b e  a c c o u n t e d  for b y  m u l t i p l y i n g  t h e  s p e c t r u m  b y  
Eq . T h i s  is a c h i e v e d  a s  for N R A ,  b y  u s i n g  r a n g e  a n d  s t o p p i n g  p o w e r  e q u a t i o n s  [105] 
t o  d e t e r m i n e  E'0 (ie Eq at  t h e  p o i n t  o f  collision). T o  o b t a i n  a b s o l u t e  c o n c e n t r a t i o n s  
s p e c t r a  a r e  m o d e l l e d  u s i n g  R U M P  [114, 115], a n  R B S  a n a l y s i s  p r o g r a m .
3 . 5  M C A  C a l i b r a t i o n
I n  o r d e r  to p e r f o r m  a c c u r a t e  d a t a  a n a l y s i s  it is essential to  m e a s u r e  d e t e c t e d  particle 
e n e r g i e s  w i t h  precision. T o  a c h i e v e  this t h e  M C A  m u s t  b e  c a l i b r a t e d  e a c h  t i m e  it 
is u s e d .  W i t h  a  c a l i b r a t e d  M C A  t h e  m e a s u r e d  e n e r g i e s  a l s o  e n a b l e  a  m o r e  p r e c i s e  
d e t e r m i n a t i o n  o f  t h e  b e a m  e n e r g y  t h a n  is in prjjiiple a v a i l a b l e  f r o m  t h e  V a n  d e  
G r a a f f  v o l t a g e  m e a s u r e m e n t s .  T w o  s t e p s  a r e  p e r f o r m e d .  Firstly, t a r g e t s  o f  v a r i o u s  
k n o w n  m a t e r i a l s  a r e  p l a c e d  in t h e  b e a m  a n d  t h e  c h a n n e l s  in  w h i c h  their R B S  e d g e s
da(6)
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F i g u r e  3.6: T y p i c a l  R B S  s p e c t r u m  o f  a  p o l y m e r i c  s u b s t a n c e  cle a r l y  s h o w i n g  t h e  
c a r b o n  a n d  o x y g e n  e d g e s  a s  w e l l  a s  t h e  p r e s e n c e  o f  s u l p h u r  a s  a n  i m p u r i t y .  T h e  
t r i p l e - a  p e a k s  u s e d  for c a l i b r a t i o n  a r e  clea r l y  visible a n d  t h e  s u l p h u r  s p e c t r u m  is 
e n l a r g e d  i n  t h e  inset.
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a p p e a r  a r e  r e c o r d e d .  F i g u r e  3 . 7  a) s h o w s  a  g r a p h  o f  t h e  k i n e m a t i c  f a c t o r  (K ) a g a i n s t  
c h a n n e l  n u m b e r  for t h e  d e t e c t e d  e l e m e n t s  r e c o r d e d  in t a b l e  3 . 2  a n d  t h e  b e s t  s t r a i g h t  
line fit t o  t h e s e  d a t a .  T h e  line d o e s  n o t  p a s s  t h o u g h  t h e  o r i g i n  b u t  c r o s s e s  t h e  x ~ a x i s  
a t  c h a n n e l  -22.4. It a l s o  s h o w s  t h a t  for K  — 1, c o r r e s p o n d i n g  t o  t h e  b e a m  e n e r g y ,  
t h e  c h a n n e l  n u m b e r  is 4 8 5 .  S e c o n d l y ,  t h e  c o n v e r s i o n  f r o m  c h a n n e l  n u m b e r  t o  e n e r g y  
is p e r f o r m e d  b y  o b t a i n i n g  t h e  e q u a t i o n  for t h e  b e s t  s t r a i g h t  line r e g r e s s i o n  fit t o  t h e  
t h r e e  a p e a k s  a n d  t h e  z e r o  e n e r g y  c h a n n e l  d e t e r m i n e d  a b o v e  (-22.4). T h i s  is s h o w n  
in  figure 3. 2  b). T h i s  e q u a t i o n  yie l d s  t h e  e n e r g y  p e r  c h a n n e l  a n d  t h e  b e a m  e n e r g y ,
•  e n e r g y  p e r  c h a n n e l  =  s l o p e  o f  t h e  g r a p h  —  3 . 3 3 7  k e V y c h a n n e l
•  b e a m  e n e r g y  =  e n e r g y  o f  c h a n n e l  4 8 5  =  1 . 6 9  ( ±  0.0 3 )  M e V .  T h i s  is t o  b e  
c o m p a r e d  w i t h  t h e  n o m i n a l  1 . 7 3 7 M e V  f r o m  t h e  V a n  d e  G r a a f f  v o l t a g e  m e a ­
s u r e m e n t s  p r o v i d e d  t h a t  d a y .
E l e m e n t K i n e m a t i c  F a c t o r P o s i t i o n  o f  R B S  E d g e
C a r b o n 0 . 2 5 6 1 0 5
O x y g e n 0 . 3 6 6 1 6 5
A l u m i n i u m 0 . 5 5 6 2 5 7
S i l i c o n 0 . 5 6 8 2 7 1
S u l p h u r 0 . 6 1 0 2 8 2
Silver 0 . 8 6 4 4 1 7
G o l d 0 . 9 2 3 4 4 5
T a b l e  3.2: C a l c u l a t e d  k i n e m a t i c  f a c t o r  a n d  m e a s u r e d  p o s i t i o n  o f  R B S  e d g e  for 
v a r i o u s  m a t e r i a l s  u s e d  for c a l i b r a t i n g  t h e  M C A .
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Channel
Q   i_ _ _ _ I_ _ _ _ i_ _ _ _ !_ _ _ _ i_ _ _ _ I_ _ _ _ ,_ _ _ _ U
- 5 0  4 5 0  9 5 0  1 4 5 0  1 9 5 0
Channel
F i g u r e  3.7: C a l i b r a t i o n  p r o c e s s  o f  t h e  M C A .  a) K i n e m a t i c  f a c t o r  a s  a  f u n c t i o n  o f  
c h a n n e l ,  s h o w i n g  t h e  linearity o f  t h e  s y s t e m  a n d  b) c h a n n e l / e n e r g y  c o n v e r s i o n  u s i n g  
t h e  a b s o l u t e  e n e r g i e s  o f  t h e  triple-as.
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3 * 6  I o n  B e a m  D a m a g e
A l t h o u g h  i o n  b e a m  t e c h n i q u e s  a r e  r e g a r d e d  a s  n o n - d e s t r u c t i v e  c e r t a i n  p r e c a u t i o n s  
m u s t  b e  t a k e n  w h e n  s t u d y i n g  p o l y m e r s .  S o m e  p o l y m e r s  a r e  v e r y  sensitive b o t h  
t o  h e a t  a n d  i o n  b e a m s  a n d  t e n d  t o  d i s s o c i a t e  w h e n  s u b j e c t e d  e v e n  t o  m o d e r a t e  
a m o u n t s  o f  either. T h i s  is e s p e c i a l l y  t r u e  o f  P M M A  w h i c h  is p r e s e n t  in l a r g e  p r o ­
p o r t i o n s  in  t w o  o f  t h e  t h r e e  s}7s t e m s  i n v e s t i g a t e d  in this w o r k .  F i g u r e  3. 8  s h o w s  
f o u r  d e p t h  profiles o b t a i n e d  b y  N R A  f r o m  s e q u e n t i a l  r u n s  o n  t h e  s a m e  s a m p l e  at  
r o o m  t e m p e r a t u r e  w i t h  t h e  b e a m  s p o t  r e m a i n i n g  in  t h e  s a m e  p l a c e  t h r o u g h o u t  t h e  
e x p e r i m e n t .  I n  e a c h  c a s e  t h e  s p e c t r u m  w a s  a c q u i r e d  for a  sufficiently l o n g  p e r i o d  o f  
t i m e  t o  o b t a i n  g o o d  statistics 1 5 0  c o u n t s  i n  t h e  h a l f  h e i g h t  o f  t h e  l e a d i n g  e d g e ) ,  
w h i c h  u n d e r  t h e  o p e r a t i n g  c o n d i t i o n s  o f  b e a m  c u r r e n t  a n d  i n c i d e n t  a n g l e  (tp) u s e d  
h e r e  w a s  5 0 0  s e c o n d s .  T h e  s a m p l e ,  c o n s i s t i n g  o f  a  s a n d w i c h  o f  P M M A  b e t w e e n  t w o  
laye r s  o f  d e u t e r a t e d  P M M A ,  w a s  c o n s t r u c t e d  s o  t h a t  all t h r e e  layers w e r e  initially 
o f  e q u a l  th i c k n e s s .  It is clear f r o m  figure 3.8 t h a t  all t h r e e  l a y e r s  b e c o m e  t h i n n e r  
w i t h  t i m e  a s  t a r g e t  m o l e c u l e s  d i s s o c i a t e  u n d e r  t h e  r a d i a t i o n  a n d  e v a p o r a t e  f r o m  
t h e  s a m p l e .  T h i s  p r o c e s s  a p p e a r s  t o  b e g i n  a s  s o o n  as  t h e  e x p e r i m e n t  starts, w i t h  
t h e  t o p  lay e r  o f  figure 3.8 a) a l r e a d y  a p p e a r i n g  t h i n n e r  t h a n  t h e  o t h e r  t w o .  A s  t h e  
s u r f a c e  l a y e r  is e r o d e d  a n d  t h e  t o p  l a y e r  b e c o m e s  t h i n n e r ,  t h e  v a c u u m / p o l y m e r  in ­
t erface m o v e s  t o w a r d s  t h e  b a c k  o f  t h e  s a m p l e  a n d  t h e  d e u t e r i u m  initially a t  d e p t h ,  
a p p e a r s  t o  g e t  closer t o  t h e  interface. T h e  profile is t h e r e f o r e  c o n s t a n t l y  c h a n g i n g  
w i t h  i r r a d i a t i o n  t i m e  a n d  this results in  t w o  o b s e r v a t i o n s :  t h e  r e s o l u t i o n  o f  t h e  b a c ktV
e d g e  o f  t h e  s a m p l e  g e t s  w o r s e  ( h e r e  i t / o n l y  h a l f  a s  g o o d  a s  t h e  fro n t  e d g e )  a n d  t h e
*
n o n  d e u t e r a t e d  lay e r  starts s h o w i n g  a  d e u t e r i u m  c o n c e n t r a t i o n  ( h e r e  3 0 % ) .
I n  o r d e r  t o  p r e v e n t  o r  r e t a r d  this effect l o n g  e n o u g h  to a c q u i r e  a  c l e a n  s p e c t r u m ,  
t h e  s a m p l e s  a r e  c o o l e d .  T h i s  is a c h i e v e d  b y  w a y  o f  t h e  c o l d  finger: a  h o l l o w  t u b e  
l i n k i n g  t h e  g o n i o m e t e r  to  t h e  s a m p l e  h o l d e r ,  p e r m a n e n t l y  k e p t  full o f  l i q u i d  n i t r o g e n .  
T h e  s a m p l e s  a r e  b a c k - c o o l e d  b y  c o n d u c t i o n .  F i g u r e  3.9 s h o w s  f o u r  profiles o b t a i n e d  
u n d e r  t h e  s a m e  o p e r a t i n g  c o n d i t i o n s  a s  b e f o r e  b u t  f r o m  a  c o o l e d  s a m p l e .  T h e  
first profile w a s  a c q u i r e d  in 2 5 0  s e c o n d s  a n d  w a s  p r o d u c e d  a s  b e f o r e  f r o m  a  c l e a n
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L O
0 . 5
0 . 0
1 . 0
0 . 5
0 . 0
0 . 0  0 . 2  0 . 4  0 . 6  0 . 0  0 . 2  0 . 4  0 . 6  0 . 8
D e p t h  ( | i m )
F i g u r e  3.8: D e p t h  profiles o f  a  P M M A  trilayer o b t a i n e d  b y  N R A  f r o m  s e q u e n t i a l  
r u n s  w i t h  t h e  b e a m  i n c i d e n t  o n  t h e  s a m e  a r e a  o f  t h e  target, a n d  w i t h  n o  s a m p l e  
co o l i n g ,  a) 0  t o  5 0 0  s e c o n d s ,  b) 5 0 0  t o  1 0 0 0  s e c o n d s ,  c) 1 0 0 0  t o  1 5 0 0  s e c o n d s  a n d  
d) 1 5 0 0  t o  2 0 0 0  s e c o n d s .
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s p e c t r u m  p o s s e s s i n g  g o o d  statistics. It c l e a r l y  s h o w s  t h r e e  l a y e r s  o f  e q u a l  t h i c k n e s s  
a n d  (virtually) n o  d e u t e r i u m  in  t h e  m i d d l e  layer. F i g u r e  3 . 9  b )  w a s  a c q u i r e d  in 1 0 0 0  
s e c o n d s  (ie f o u r  t i m e s  l o n g e r  t h a n  n e c e s s a i y  t o  o b t a i n  a  g o o d ,  c l e a n  s p e c t r u m )  a n d  
s h o w s  t h e  s a m e  f e a t u r e s  a s  t h e  p r e v i o u s  profile. T h i s  i n d i c a t e s  t h a t  t h e  c o o l i n g  d o e s  
b e n e f i t  t h e  t e c h n i q u e  a n d  e n a b l e s  e v e n  t h e  m o s t  sensitive p o l y m e r s  t o  b e  s t u d i e d  
a c c u r a t e l y .
H o w e v e r ,  it is i m p o r t a n t  t o  n o t e  t h a t  t h e  c o o l i n g  is o n l y  a  r e t a r d a n t  a n d  d o e s  n o t  
p r e v e n t  d a m a g e  a l t o g e t h e r .  F i g u r e s  3.9 c) a n d  d )  s h o w  profiles o b t a i n e d  f r o m  t h e  
s a m e  s a m p l e  a s  a b o v e  (ie c o o l e d ) ,  also for 1 0 0 0 s e c o n d s  e a c h ,  b u t  s u b s e q u e n t  t o  a n d  
w i t h  t h e  b e a m  o n  t h e  s a m e  s p o t  a s  profile b). T h e  profiles a r e  s e e n  t o  b e c o m e  less 
w e l l  d e f i n e d :  d e u t e r i u m  c o n c e n t r a t i o n  d e t e c t e d  i n  t h e  n o n - d e u t e r a t e d  layer, w o r s e n ­
i n g  r e s o l u t i o n  a t  d e p t h  a n d  t h e  s a m p l e  s u r f a c e  a p p e a r i n g  t o  m o v e  i n t o  t h e  s a m p l e .  
A l t h o u g h  t h e  last p o i n t  h a s  n o t  y e t  b e e n  fully i n v e s t i g a t e d  it is t h o u g h t  t o  b e  d u e  
t o  a n  o p t i c a l l y  invisible t h i n  f i l m  o f  w a t e r  c o n d e n s i n g  o n t o  t h e  c o l d  s a m p l e  surface, 
l e a d i n g  to  t h e  s u r f a c e  a p p e a r i n g  £a t  d e p t h ’. T h e  d e u t e r i u m  c o n c e n t r a t i o n  a p p e a r i n g  
i n  t h e  m i d d l e  l a y e r  w o u l d  t h e n  b e  c a u s e d  by e n e r g y  s t r a g g l i n g  o f  t h e  b e a m  a s  it 
p a s s e s  t h r o u g h  v a r y i n g  t h i c k n e s s e s  o f  w a t e r :  t h e  m o r e  i n t e n s e  c e n t r e  o f  t h e  b e a m  
( h e a t i n g  t h e  s a m p l e  a n d  p r e v e n t i n g  w a t e r  d e p o s i t i o n )  p a s s i n g  t h r o u g h  less w a t e r  
a n d  t h e  less i n t e n s e  h a l o  h a v i n g  t o  t r a v e r s e  a  t h i c k e r  f i l m  o f  w a t e r .  I n  a d d i t i o n  t h e s e  
s p e c t r a  s h o w  a  d e c r e a s e  in  y i e l d  w h i c h  t r a n s l a t e s  i n t o  a  l o w e r  d e u t e r i u m  c o n c e n t r a ­
t i o n  w h e n  t h e y  a r e  n o r m a l i s e d  t o  figure 3. 9  b). T h i s  is p a r t l y  d u e  t o  t h e  s p r e a d i n g  
o f  t h e  profile b y  d e t e r i o r a t i n g  r e s o l u t i o n  ( d i s c u s s e d  a b o v e ) ,  b u t  is p r e d o m i n a n t l y  a  
c o n s e q u e n c e  o f  t h e  d e u t e r i u m  c o n c e n t r a t i o n  in t h e  s a m p l e  falling a s  it is u s e d  u p  b y  
t h e  n u c l e a r  r e a ctions.
S a m p l e  c o o l i n g  is also p e r f o r m e d  w h i l s t  c a r r y i n g  o u t  R B S  e x p e r i m e n t s ,  e v e n  t h o u g h  
t h e  s a m p l e s  i n v e s t i g a t e d  b y  this t e c h n i q u e  w e r e  far less s e n s i t i v e  t o  r a d i a t i o n .  I n  
o r d e r  t o  a v o i d  c o m p l i c a t i o n s  a n d  e r r o n e o u s  results, n o  s a m p l e  i n v e s t i g a t e d  t o  o b t a i n  
d i f f u s i o n  profiles b y  N R A  w a s  u s e d  m o r e  t h a n  o n c e .  N e w  s a m p l e s  w e r e  p r e p a r e d  to  
o b t a i n  c o n f i r m a t i o n  o f  p r e v i o u s  results.
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0 . 0  0 . 2  0 . 4  0 . 6  0 . 8  0 . 0  0 . 2  0 . 4  0 . 6  0 . 8
D e p t h  ( j a m )
F i g u r e  3.9: D e p t h  profiles o f  a  P M M A  trilayer o b t a i n e d  b y  N R A  f r o m  s e q u e n t i a l  
r u n s  w i t h  t h e  b e a m  i n c i d e n t  o n  t h e  s a m e  a r e a  o f  t h e  target, w i t h  liquid n i t r o g e n  
s a m p l e  c o o l i n g ,  a) 0  t o  2 5 0  s e c o n d s ,  b )  0  to  1 0 0 0  s e c o n d s ,  c) 4 0 0 0  t o  5 0 0 0  s e c o n d s  
a n d  d )  8 0 0 0  to  9 0 0 0  s e c o n d s .
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3 . 7  O t h e r  I n v e s t i g a t i o n  T e c h n i q u e s
T h e r e  a r e  a  n u m b e r  o f  o t h e r  t e c h n i q u e s  e m p l o y e d  in p o l y m e r  d i f f u s i o n  studies. 
A m o n g s t  t h e m  are: s m a l l  a n g l e  x - r a y  s c a t t e r i n g  ( S A X S )  [116], s m a l l  a n g l e  n e u ­
t r o n  s c a t t e r i n g  ( S A N S )  [117], x - r a y  r e f l e c t o m e t r y  [118], n e u t r o n  r e f l e c t o m e t r y  [119] 
a n d  e l l i p s o m e t r y  [1 2 0]. A l l  t h e s e  t e c h n i q u e s  h a v e  v e r y  h i g h  r e s o l u t i o n  (a f e w  t e n s  o f  
A )  a n d  a r e  ide a l  for m e a s u r i n g  t h e  i n t e r f a c e  b r o a d e n i n g  b e t w e e n  t w o  initially w e l l  
s e p e r a t e d  p o l y m e r s .  D y n a m i c  light s c a t t e r i n g  [121], i n f r a r e d  m i c r o d e n s i t o m e t r y  
[1 2 2 ] a n d  i n f r a r e d  a t t e n u a t e d  total r e f l e c t o m e t r y  ( I R - A T R )  [123] h a v e  r e s o l u t i o n s  
s i m i l a r  t o  R B S ,  F R E S  a n d  N R A  ( «  2 0 0 A )  a n d  a r e  m o s t  a p p r o p r i a t e  for s t u d y i n g  
diffu s i o n  coefficients i n  t h e  r a n g e  o f  1 0 -1 1 — » 1 0 “ 18c m 2s- 1 . N u c l e a r  m a g n e t i c  r e s o ­
n a n c e  ( N M R )  [124] is als o  e x t e n s i v e l y  u s e d ,  b u t  w i t h  a  r e s o l u t i o n  o f  ss 1 0 0 pm it is 
e s p e c i a l l y  s u i t e d  t o  t h e  s t u d y  o f  s m a l l  m o l e c u l e  d i f f u s i o n  ( D  «  1 0 - 7c m 2s - 1 ) r a t h e r  
t h a n  p o l y m e r  interdiffusion.
A l t h o u g h  all t h e s e  t e c h n i q u e s  a r e  p a r t i c u l a r l y  s u i t e d  to  c e r t a i n  t y p e s  o f  d iffusion 
studies, t h e  i o n  b e a m  t e c h n i q u e s  offer t h e  g r e a t e s t  versatility. T h e y  d o  n o t  r e q u i r e  
c a l i b r a t i o n  b y  a n o t h e r  t e c h n i q u e ,  t h e y  e n a b l e  t h e  s t u d y  o f  m a n y  different s y s t e m s  
d u e  t o  t h e  r a n g e  o f  d i f f u s i o n  coefficients w h i c h  c a n  b e  a c c u r a t e l y  m e a s u r e d  a n d  t h e y  
a r e  n o t  l i m i t e d  t o  a n y  o n e  t y p e  o f  d i f f u s i o n  m e c h a n i s m :  u n d e r  t h e  r i g h t  e x p e r i m e n t a l  
c o n d i t i o n s  m u t u a l ,  t r a c e r  a n d  self-diffusion c a n  b e  s t u d i e d .  I o n  b e a m  t e c h n i q u e s  
for p o l y m e r  d iffusion s t u d i e s  a r e  n o w  u s e d  b y  six r e s e a c h  c e n t r e s  a r o u n d  t h e  w o r l d  
( C o r n e l l  U n i v e r s i t y ,  N e w  Y o r k ;  W e i z ^ m a n n  Institute, Israel; F r a n k f u r t  a n d  F r e i b u r g ,  
G e r m a n y ;  U n i v e r s i t y  o f  P a r i s  (VI); U n i v e r s i t y  o f  S u r r e y ,  U K ) .
C h a p t e r  4
D y e  D i f f u s i o n  T h e r m a l  T r a n s f e r
4 . 1  I n t r o d u c t i o n
D y e  D i f f u s i o n  T h e r m a l  T r a n s f e r  ( D 2 T 2 )  C o l o u r  P r i n t i n g  [125] is a  p r o c e s s  d e v e l o p e d  
a n d  u s e d  b y  I C I  to  p r o d u c e  h i g h  q u a l i t y  h a r d  c o p y  i m a g e s  f r o m  digital d a t a .  T h e  d y e  
is initially c o n t a i n e d  in solid s o l u t i o n  w i t h  a  b i n d e r  p o l y m e r  o n  a  t h i n  P E T  film. It is 
t r a n s f e r r e d  o n t o  t h e  r e c e i v e r  p o l y m e r  b y  b r i n g i n g  t h e  t w o  i n t o  close c o n t a c t  ( u n d e r  
p r e s s u r e )  a n d  h e a t i n g .  T h e  q u a n t i t y  o f  d y e  t r a n s f e r e d  a n d  t h e r e f o r e  t h e  i n t e n s i t y  
o f  t h e  c o l o u r  p r o d u c e d  o n  t h e  r e c e i v e r  p o l y m e r ,  is a  f u n c t i o n  o f  t h e  t e m p e r a t u r e  
r e a c h e d  d u r i n g  h e a t i n g .  I n  o r d e r  t o  e n a b l e  s p a t i a l  v a r i a t i o n  o f  t h e  q u a n t i t y  o f  d y e  
t r a n sferred, t h e  h e a t i n g  is p r o d u c e d  b y  a  series o f  resistive h e a t e r s  p l a c e d  o n  t h e  b a c k  
o f  t h e  P E T  film. E a c h  i n d e p e n d e n t ^  c o n t r o l l e d  h e a t e r  c a u s e s  a  different a m o u n t  
o f  d y e  to b e  t r a n s f e r r e d .  F u l l  i m a g e s  a r e  p r o d u c e d  b y  s u p e r i m p o s i n g  t h r e e  i m a g e s ;  
o n e  in e a c h  o f  t h e  p r i m a r y  colo u r s :  y e l l o w ,  m a g e n t a  a n d  c y a n .
T h e  r e s o l u t i o n  o f  t h e  final i m a g e  is d e p e n d e n t  o n  h e a t e r  size a n d  t e m p e r a t u r e  dis­
t r i b u t i o n  parallel to t h e  r e c e i v e r  p o l y m e r  surface. T h e  h e a t e r s / p i x e l s  a r e  a p p r o x i ­
m a t e l y  0 . 3 x 0 . 1 m m  s e p e r a t e d  b y  a  d i s t a n c e  o f  0 . 0 1 m m ,  p r o d u c i n g  a  r e s o l u t i o n  c o m ­
p a r a b l e  to  t h a t  o f  a  P C  s c r e e n .  T h e  s p e e d  o f  t h e  D 2 T 2  p r o c e s s  e n s u r e s  t h a t  t h e
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t e m p e r a t u r e  d i s t r i b u t i o n  a r o u n d  e a c h  h e a t e r  is a l m o s t  a n  i d e a l  s t e p  f u n c t i o n .  D e ­
v i a t i o n  f r o m  this w o u l d  c a u s e  d y e  d i f f u s i o n  parallel t o  t h e  s u r f a c e  a n d  a  b l u r r i n g  o f  
t h e  i m a g e  e d g e s .
A s  w e l l  a s  b e i n g  a  t e c h n o l o g i c a l  s u c c e s s ,  D 2 T 2  h a s  i m p o r t a n t  c o m m e r c i a l  a p p l i c a ­
tions. T h e  r e s o l u t i o n  o b t a i n e d  a n d  t h e  s p e e d  o f  t h e  p r o c e s s  m a k e  D 2 T 2  ide a l  for 
c e r t a i n  s e c u r i t y  a p p l i c a t i o n s  s u c h  a s  p r i n t i n g  o w n e r s ’ p h o t o g r a p h s  o n  c r e d i t  a n d  
i d e n t i t y  c a r d s .  A  m a r k e t  also exists for D 2 T 2  in t h e  p r i n t i n g  o f  l o g o s  a n d  o t h e r  
i m a g e s  o n  p a c k a g i n g  a n d  v a r i o u s  s a l e a b l e  g o o d s :  m u g s ,  tee-shirts etc...
B o t h  t h e  d o n o r  a n d  r e c e i v e r  s h e e t s  a r e  m u l t i l a y e r  s t r u c t u r e s  (figure 4.1) b u t  t h e  
d y e  t r a n s f e r s  f r o m  a  p o l y m e r  c o a t i n g  in  t h e  d o n o r  s h e e t  t o  a  p o l y m e r  c o a t i n g  in 
t h e  r e c e i v e r  sheet. It h a s  b e e n  s h o w n  [126] t h a t  t h e  m e c h a n i s m  for t h e  d y e  t r a n s f e r  
is diffu s i o n  r a t h e r  t h a n  s u b l i m a t i o n .  T h i s  p r o c e s s  h a s  b e e n  m o d e l l e d  p r e v i o u s l y  
b y  H a n n  a n d  B e c k  [125] u s i n g  p a r t i t i o n  coefficients i n v o l v i n g  a c t i v a t i o n  e n e r g i e s  
b e t w e e n  t h e  d o n o r  a n d  r e c e i v e r  s heets, f o l l o w e d  b y  s i m p l e  F i c k i a n  diffu s i o n  i n  t h e  
r e c e i v e r  sheet. M o r e  r e c e n t l y  S h i n o z a l c i  a n d  H i r a n o  [127] h a v e  p r o p o s e d  a  m e c h a n i s m  
i n v o l v i n g  a d s o r p t i o n  f o l l o w e d  b y  diffusion. I n  b o t h  cases, it h a s  b e e n  p r o p o s e d  t h a t  
t h e  p e n e t r a t i o n  of  t h e  d y e  i n t o  t h e  r e c e i v e r  l a y e r  w a s  o f  t h e  o r d e r  o f  m i c r o n s ,  b u t  
n e i t h e r  this n o r  its d e p e n d e n c e  o n  r e c e i v e r  p o l y m e r  t y p e  h a s ,  p r i o r  t o  m y  w o r k  b e e n  
d e t e r m i n e d  e x p e r i m e n t a l l y .
D o n o r  Sheet
Receiver Sheet
Heat-resistant b a c k  coat
P E T  film (6 |im)
D y e c o a t  (1 Jim)
M e t h o c e l  E 5 0  (0.05 |im)
Receiver layer (4 p m )
W h i t e  “ M e l i n e x ”  (125 p m )
F i g u r e  4.1: S t r u c t u r e  o f  t h e  d y e  d o n o r  a n d  r e c e i v e r  sheets.
For the image obtained to be permanent the dye must diffuse into the receiver
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p o l y m e r  a n d  n o t  s i m p l y  f o r m  a  s u r f a c e  c o a t i n g .  D i f f e r e n t  r e c e i v e r  p o l y m e r s  y i e l d  
different results for t h e  s a m e  p r o c e s s  settings.
I r e p o r t  h e r e  t h e  d e t e r m i n a t i o n  o f  t h e  d e p t h  profile o f  t h e  d y e  i n  t h e  r e c e i v e r  p o l y m e r  
a n d  t h e  e s t i m a t i o n  o f  its d i f f u s i o n  coefficient b y  fitting k n o w n  e q u a t i o n s  t o  t h e  d a t a .  
B y  u s i n g  R u t h e r f o r d  B a c k s c a t t e r i n g  s i m u l a t i o n  profiles a n d  c o m p a r i n g  t h e m  t o  t h e  
e x p e r i m e n t a l  d a t a ,  c o n c e n t r a t i o n  profiles o f  t h e  d y e  in  t h e  m a t r i x  w e r e  o b t a i n e d .  
T h i s  p r o c e d u r e  w a s  c a r r i e d  o u t  o n  s a m p l e s  o f  v a r i o u s  m a t e r i a l s  e a c h  p o s s e s s i n g  
different glass t r a n s i t i o n  t e m p e r a t u r e s .
4 . 2  S a m p l e  P r e p a r a t i o n
4 . 2 . 1  A t  I C I  I m a g e d a t a
D o n o r  s h e e t s  a r e  c r e a t e d  u s i n g  d y e  a n d  a  p o l y m e r i c  b i n d e r  ( P V B ) .  T h e  d y e  is m i x e d  
w i t h  t h e  P V B  (1 / 2  w / w )  a n d  d i s s o l v e d  in  T H F  solvent. A  t h i c k  (6 / z m )  P E T  f i l m  
c o n t a i n i n g  a  t h e r m a l l y  resis t a n t  s h e e t  o n  t h e  r e a r  side for p r o t e c t i o n  f r o m  t h e  h e a t i n g  
array, is c o a t e d  w i t h  t h e  s o lution. A  w i r e  b a r  is u s e d  to  s p r e a d  t h e  s o l u t i o n  a n d  
c r e a t e  a  u n i f o r m  d y e c o a t  t h i c k n e s s  o f  1 / i m .  T h i s  layer is i m m e d i a t e l y  d r i e d  w i t h  a  
h a i r  drier, t r a n s f o r m i n g  it f r o m  l i q u i d  t o  solid s o l u t i o n  i n  less t h a n  1 s e c o n d  a n d  t h e n  
a n n e a l e d  for 3 0  s e c o n d s  a t  1 1 0 ° C .  T h e  t r e a t m e n t  h a s  b e e n  s h o w n  t o  r e d u c e  t h e  T H F  
t o  negli g i b l e  p r o p o r t i o n s  w i t h o u t  c a u s i n g  t h e  d y e  a n d  P V B  b i n d e r  t o  p h a s e  s e p a r a t e  
o r  i n d u c e  a n y  d y e  diffusion. T h e  d j ' e c o a t  is t h e n  c o v e r e d  w i t h  a  t h i n  (0 .0(f5q m )  layer 
o f  p o l y ( h y d r o x y p r o p 3d m e t h y l c e l l u l o s e )  ( “M e t h o c e l  E 5 0 ” , D o w  C h e m i c a l  C o m p a n y ) ,  
r e q u i r e d  to  p r e v e n t  a d h e s i o n  b e t w e e n  t h e  d o n o r  a n d  r e ceiver layers d u r i n g  t h e  D 2 T 2  
h e a t i n g  p r o c e s s .
T h e  p o l y m e r s  u s e d  a s  r e c e i v e r  lajrors a r e  listed in t a b l e  4.1 t o g e t h e r  w i t h  their 
e l e m e n t a l  c o m p o s i t i o n s  a n d  gla s s  t r a n s i t i o n  t e m p e r a t u r e s .  T h e y  a r e  m i x t u r e s  o f  
o t h e r  p o l y m e r s  a n d  their e l e m e n t a l  c o m p o s i t i o n s  a r e  d e t e r m i n e d  f r o m  t h e  c h e m i c a l
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f o r m u l a e  (figure 4.2) a n d  t h e  relative c o n c e n t r a t i o n s  o f  t h e  c o n s t i t u e n t  p o l y m e r s :  
t h e  m e t h o d  will b e  o u t l i n e d  later. T h e  g l a s s  t r a n s i t i o n  t e m p e r a t u r e s  w e r e  m e a s u r e d  
u s i n g  a  P e r k i n - E l m e r  D S C - 4  w i t h  a  h e a t i n g  r a t e  o f  2 0 ° C / m i n u t e .  T h e  r e c e i v e r  
p o l y m e r s  a r e  d i s s o l v e d  in  T H F  a n d  t h e n  s p r e a d  o n t o  a  1 2 5 / x m  t h i c k  “ M e l i n e x ” f i l m  
u s i n g  a  w i r e  b a r  t o  c r e a t e  a  4 / z m  t h i c k  r e c e i v e r  p o l y m e r  layer. T h e  T H F  is r e m o v e d  
b y  a n n e a l i n g  t h e  r e c e i v e r  s h e e t  a t  1 4 0 ° C  for 3  m i n u t e s .
P o l y m e r  T y p e G l a s s  T r a n s i t i o n  
T e m p e r a t u r e  ( ° C )
C c
C a r b o n
m p o s i t i o n  ( 
H y d r o g e n
% )
O x y g e n
P o l y e s t e r  A 4 7 4 1 . 9 4 3 . 7 1 4 . 3
P o l y e s t e r  B 6 7 4 3 . 4 4 1 . 5 15.1
P o l y e s t e r  C 7 1 4 5 . 6 4 1 . 3 1 3 . 0
P o l y ( v i n 37l b u t y r a l )  D 8 5 3 3 . 9 5 6 . 6 9.5
P o t y e s t e r  E 1 0 0 4 8 . 1 3 7 . 0 1 4 . 8
T a b l e  4.1: P o f y m e r s  u s e d  as  d y e  a c c e p t o r  lajrors. P o l y e s t e r  A :  “V y l o n  1 0 3 ” ( T o y o b o ) , 
[ 4 5 %  t e r e p h t h a l i c  acid, 5 %  s e b a c i c  acid, 2 5 %  n e o p e n t y l  glycol, 2 5 %  e t h y l e n e  glycol]. 
P o l y e s t e r  B :  “ V y l o n  2 0 0 ” ( T o y o b o ) ,  [ 5 0 %  t e r e p h t h a l i c  acid, 2 5 %  n e o p e n t y l  glycol, 
2 5 %  e t h y l e n e  glycol]. P o t y e s t e r  C :  “V y l o n  2 9 0 ” ( T o y o b o ) ,  [ 5 0 %  t e r e p h t h a l i c  acid, 
3 0 %  e t h y l e n e  glycol, 2 0 %  d i h y d r o x y e t h y l  b i s p h e n o l  A]. P o l y ( b u t y r a l  vinyl) D :  “P X B -  
B X 1 ” (Sekisui), [ 3 5 %  v i n y l  a lcohol, 6 5 %  v i n y l  butyral]. P o t y e s t e r  E :  “ D y n a p o l  L 9 1 2 ” 
( D y n a m i t - N o b e l ) ,  [ 5 0 %  t e r e p h t h a l i c  acid, 2 5 %  e t h y l e n e  glycol, 2 5 %  c y c l o h e x a n e  
d i m e t h a n o l ] .
R e c e i v e r  s h e e t s  c o n t a i n i n g  m a g e n t a  d y e  a n d  p r o d u c e d  b y  t h e  D 2T 2 p r o c e s s  w e r e  
p r o v i d e d  b y  I C I  I m a g e d a t a .  T h e  s t r u c t u r e  a n d  t h e  c h e m i c a l  f o r m u l a  o f  t h e  d y e  a r e  
s h o w n  in  figure 4.3.
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o
Ko)--1
_? _ J N
Terephthalic acid: (C gH 40 3)
N
Sebacic acid: (C10 H 160 3)
C H ,
: h0— C — C H .
C H , N
Neopentyl glycol: (C 5 H 10 O)
Cyclohexane dimetlianol: (CgH gO)
-4- C H2— C H 2 -
N
Ethylene glycol: ( C2H 4Q)
y C H — CXC H , ;  /C—CH2— c h 2— c h 2-|-
— C H
2 \  yCH— O
N
Vinyl butyral: (CgH 13q )
: h2— C H 2— q h ( Q ) — c - ^ W c
Dihydroxyethyl bisphenol A: ( C 19 H  220 3 )
H 2— C H 2— c h 2-
N
:h ,
h
O H N
Vinyl alcohol: (C2H 40)
F i g u r e  4.2: C h e m i c a l  f o r m u l a e  o f  t h e  c o n s t i t u e n t  p o l y m e r s  o f  t h e  r e c e i v e r  layers. 
I n  e a c h  c a s e  t h e  p o l y m e r i s a t i o n  w a s  a c h i e v e d  b y  e l i m i n a t i n g  a n  H  a t o m  o r  a n  O H  
g r o u p  f r o m  t h e  e n d s  o f  t h e  m o n o m e r s ,  to  c r e a t e  a n  e x t r a  b o n d  a n d  a  m o l e c u l e  o f  
w a t e r .
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4 . 2 . 2  A t  S u r r e y
S a m p l e s  o f  f i l m  o f  1 c m 2 a r e  c u t  f r o m  t h e  r e c e i v e r  s h e e t s  a n d  g l u e d  t o  t h i n  a l u m i n i u m  
p l a t e s  w i t h  d o u b l e  s i d e d  a d h e s i v e  t a p e  for e a s e  o f  h a n d l i n g .  T h e  d y e / p o l y m e r  s u r f a c e  
is t h e n  c a r b o n  c o a t e d  t o  a  t h i c k n e s s  o f  a  f e w  t e n s  o f  a n g s t r o m s  b y  v a c u u m  d e p o s i t i o n ,  
a n d  silver d a g  a p p l i e d  t o  t h e  e d g e  o f  t h e  film. T h i s  p r o v i d e s  a n  electrical c o n t a c t  
b e t w e e n  t h e  c o n d u c t i n g  f i l m  s u r f a c e  a n d  t h e  a l u m i n i u m  p l a t e  a n d  p r e v e n t s  c h a r g e  
b u i l d - u p  in  t h e  s a m p l e  a n d  s p a r k i n g  i n  t h e  v a c u u m  c h a m b e r .  T h e  e x t r a  c a r b o n  
c o a t i n g  is t o o  t h i n  to  c a u s e  a n y  n o t i c e a b l e  e n e r g y  loss o r  s t r a g g l i n g  o f  t h e  b e a m .  
T h r o u g h o u t  t h e  s a m p l e  p r e p a r a t i o n  p r o c e s s  c a r e  m u s t  b e  t a k e n  t o  a v o i d  f i n g e r i n g  
t h e  s a m p l e  s u r f a c e  o t h e r w i s e  s o d i u m  a n d  c h l o r i n e  ( d e p o s i t e d  a s  salt) a r e  clearly 
visible o n  t h e  R B S  s p e c t r a .
4 . 3  D a t a  A c q u i s i t i o n
D i f f u s i o n  d a t a  w a s  o b t a i n e d  b y  R B S  a t  t h e  U n i v e r s i t y  o f  S u r r e y  a c c o r d i n g  t o  t h e  
p r o c e d u r e  o u t l i n e d  p r e v i o u s l y .  T h e  b e a m  o f  H e /  i o n s  w a s  t y p i c a l l y  i n  t h e  r a n g e  o f  
1.5 t o  2 M e V .  T h e  b e a m  size w a s  a p p r o x i m a t e l y  2 5 m m 2 t o  c o v e r  a  l a r g e  n u m b e r  o f  
p i x e l s  a n d  p r o d u c e  a n  a v e r a g e d  s p e c t r u m .  From figures 4 . 2  a n d  4 . 3  it is s e e n  t h a t  
t h e  rece i v e r  p o l y m e r s  c o n t a i n  c a r b o n ,  h y d r o g e n  a n d  o x y g e n  only, w h e r e a s  t h e  d y e  
m o l e c u l e  c o n t a i n s  t h e s e  e l e m e n t s  w i t h  n i t r o g e n  a n d  s u l p h u r  too .  S u l p h u r  h a v i n g  
t w i c e  t h e  a t o m i c  m a s s  o f  t h e  n e x t  h e a v i e s t  e l e m e n t  p r e s e n t  ( o x y g e n ) ,  t h e r e f o r e  h a s  
a  b a c k s c a t t e r  c r o s s - s e c t i o n  f o u r  t i m e s  a s  l a r g e  a n d  c a n  b e  d e t e c t e d  e v e n  in  v e r y  
l o w  c o n c e n t r a t i o n s .  A n a l y s i s  o f  t h e  s u l p h u r  s p e c t r u m  yiel d s  t h e  d e p t h  profile o f  t h e  
w h o l e  djro m o l e c u l e .  I n  t h e o r y  t h e  n i t r o g e n  c o u l d  also b e  p r o f i l e d  t o  o b t a i n  t h e  s a m e  
results b u t ,  h a v i n g  a  l o w e r  a t o m i c  m a s s  t h a n  t h e  o x y g e n  ( p r e s e n t  in  m u c h  l a r g e r  
c o n c e n t r a t i o n s )  its s i g n a l  is s w a m p e d  b y  t h e  o x y g e n  s p e c t r u m .  A  t y p i c a l  profile 
o b t a i n e d  f r o m  t h e s e  s a m p l e s  is s h o w n  in  figure 3. 6  w h e r e  t h e  s u l p h u r  is clearly 
visible b u t  n o t  t h e  n i t r o g e n .
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F i g u r e  4 . 4  s h o w s  a  s p e c t r u m  o b t a i n e d  f r o m  a  s a m p l e  w h i c h  w a s  n o t  c a r b o n  c o a t e d .
T h e  d i s c h a r g i n g  o f  t h e  s a m p l e  t h r o u g h  s p a r k i n g  p r o d u c e s  l o w  e n e r g y  n o i s e  a n d  h a s  
t h e  effect o f  b l u r r i n g  t h e  s p e c t r u m .  A l t h o u g h  t h e  h i g h  e n e r g y  t r i p l e - a  p e a k s  a r e  
still clea r l y  visible, t h e  b a c k s c a t t e r e d  s p e c t r u m  is less w e l l  d e f i n e d  w i t h  t h e  c a r b o n ,  
o x y g e n  a n d  s u l p h u r  e d g e s  o n l y  j u s t  visible, b u t  w i t h  a  r e s o l u t i o n  t o o  p o o r  t o  w o r k  
w i t h .
4 . 4  R e s u l t s  a n d  D i s c u s s i o n
4 . 4 . 1  D i f f u s i o n  C o e f f i c i e n t s
R B S  s p e c t r a  w e r e  o b t a i n e d  for all t y p e s  o f  r e c e i v e r  p o l y m e r  a n d  w e r e  c o n v e r t e d  t o  
c o n c e n t r a t i o n  a g a i n s t  d e p t h  profiles. T h e  d y e  diffusion p r o c e s s  a s  d e s c r i b e d  b y  H a n n  
a n d  B e c k  [125] is b e s t  m o d e l l e d  a s  a  s p e c i e  d i f f u s i n g  i n t o  a  sem i - i n f i n i t e  m e d i u m ,  
f r o m  a  s o u r c e  w h i c h  m a i n t a i n s  a  f i x e d  c o n c e n t r a t i o n  a t  t h e  surface. If w e  a s s u m e  
t h a t  t h e  d y e  d i ffusion coefficient is c o n c e n t r a t i o n  i n d e p e n d e n t  o v e r  t h e  c o n c e n t r a t i o n  
r a n g e  s t u d i e d ,  t h e  s o l u t i o n  t o  F i c k ’s d i f f u s i o n  e q u a t i o n  1 . 2 0  is g i v e n  b y  [51]:
w h e r e  is t h e  d y e  c o n c e n t r a t i o n  in  t h e  r e c e i v e r  layer, <#0 a  c o n s t a n t  r e l a t e d  t o  t h e  
d y e  s u r f a c e  c o n c e n t r a t i o n ,  x t h e  d e p t h  i n  t h e  s a m p l e ,  D t h e  diffu s i o n  coefficient a n d
in  t h e  D 2 T 2  p r o c e s s  w a s  1 2 . 7 m s .  T h i s  is t h e  t i m e  u s e d  in c a l c u l a t i n g  t h e  d i ffusion
later. E q u a t i o n  4.1, c o n v o l u t e d  w i t h  a  G a u s s i a n  c u r v e  ( F W H M  =  9 5  n m  «  o — 
4 0 n m )  to  t a k e  t h e  s y s t e m  r e s o l u t i o n  i n t o  a c c o u n t ,  w a s  fitted t o  t h e  d a t a .  T h e  d e p t h  
profiles a n d  t h e  fitted c u r v e s  a r e  s h o w n  in figures 4.5 a) a n d  b). I n  b o t h  c a s e s  
t h e  lines a b o v e  a n d  b e l o w  t h e  b e s t  fit c o r r e s p o n d  t o  different diffusion coefficients, 
c h o s e n  to e n c o m p a s s  t h e  d a t a .  T h e y  a r e  u s e d  a s  e s t i m a t e s  o f  t h e  e r r o r  o n  t h e  b e s t  
fit value.
(4.1)
t t h e  d i ffusion t i m e .  F o r  all s a m p l e s  s t u d i e d  in this w o r k ,  t h e  h e a t i n g  t i m e  u s e d
coefficient, b u t  t h e  v a r i o u s  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  it will b e  d i s c u s s e d  in  detail
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R e c e i v e r G l a s s  T r a n s i t i o n D i f f u s i o n M e a n P e n e t r a t i o n
p o l y m e r T e m p e r a t u r e C o e f f i c i e n t V a l u e D e p t h
( ° C ) (1 0 ~ 7c m 2s - 1 ) (1 0 - 7c m 2s - 1 ) ( H
A  1 4 7 3 . 2 5
2 . 1 4
2 . 7 0 2 . 1 2  ±  0 . 3 1
B 6 7 1 . 5 8
2 . 5 8  
2 . 8 5  
1.81 
2 .0 2  
2 .1 1
2 . 1 6 1.9 1  ±  0 , 2 9
C 7 1 1 . 4 3
1 .8 8
1.6 8
1.6 6 1 . 6 7  ±  0 . 2 5
D 8 5 1 . 5 6 1 . 5 6 1 . 6 2  ±  0 . 1 6
E 100 2 . 4 2
0 . 9 6
0 . 5 4
1 . 3 0 1 . 4 8  ±  0 . 4 0
T a b l e  4.2: Dye diffusion coefficients o b t a i n e d  f r o m  t h e  d a t a  fitting a n d  d e p t h  o f  
p e n e t r a t i o n  (1 %  o f  s u r f a c e  c o n c e n t r a t i o n ) .
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F r o m  t h e  results p r e s e n t e d  in t a b l e  4.2, it is clear t h a t  a  d i r e c t  link exists b e t w e e n  t h e  
d i f f u s i o n  coefficient a n d  t h e  gla s s  t r a n s i t i o n  t e m p e r a t u r e s  o f  t h e  r e c e i v e r  p o l y m e r s :  
t h e  h i g h e r  T g , t h e  l o w e r  t h e  d i f f u s i o n  coefficient. T h i s  link is e x p e c t e d  q u a l i t a t i v e l y  
t h r o u g h  t h e  F r e e  V o l u m e  t h e o r y .  T h e  d y e  m o l e c u l e  h a s  a  m o l e c u l a r  w e i g h t  o f  3 4 0 g ,  
s o m e  3 - 4  t i m e s  g r e a t e r  t h a n  t h a t  o f  t h e  r e c e i v e r  p o l y m e r  r e p e a t  units. A  c o o p e r a t i v e  
m o v e m e n t  o f  s e v e r a l  p o l y m e r  s e g m e n t s  is t h e n  r e q u i r e d  t o  c r e a t e  a  l a r g e  e n o u g h  
s p a c e  for d i ffusion o f  a  d y e  m o l e c u l e  t o  o c c u r .  T h e  d y e  d iffusion r a t e s  a r e  t h e r e f o r e  
c o u p l e d  t o  t h e  p o l y m e r  r e l a x a t i o n  p r o c e s s e s  ( c h a p t e r  4  in  r e f e r e n c e  [52]) w h i c h  i n  
t u r n  a r e  direc t l y  r e l a t e d  t o  t h e  p o l y m e r  T g .
Q u a n t i t a t i v e  i n t e r p r e t a t i o n  o f  t h e s e  results b y  t h e  F r e e  V o l u m e  t h e o i y  a n d  t h e  a c ­
t i v a t e d  diffusion m o d e l  a r e  h a m p e r e d  b y  t h e  fact t h a t  t h e  r e c e i v e r  p o l y m e r s  differ 
f r o m  e a c h  o t h e r  o n  a  m o l e c u l a r  level. I n d e e d  t h e  v a l u e s  o f  cj a n d  c?2 in  t h e  W L F  
e q u a t i o n  1 . 3 2  a n d  A H  in t h e  A r r h e n i u s  e q u a t i o n  1 . 3 3  a r e  c o n s t a n t s  for a  g i v e n  
p o l y m e r  o n l y  - t h e y  v a r y  f r o m  p o l y m e r  t o  p o l y m e r .  I n  o r d e r  t o  u s e  t h e s e  m o d e l s  o n e  
m u s t  first b e  satisfied t h a t  t h e  r e c e i v e r  p o l y m e r s ’ p h y s i c a l  p r o p e r t i e s  a r e  sufficiently 
s i m i l a r  t o  e a c h  other.
A s  p r e v i o u s l y  m e n t i o n n e d  t h e  d y e  t r a n s f e r  d u r i n g  t h e  D 2 T 2  p r o c e s s  c a n  b e  c o n s i d ­
e r e d  a s  a  p e r m e a t i o n  f r o m  a  d o n o r  t o  a n  a c c e p t o r  p o l y m e r  m a t r i x  (as m o d e l l e d  b y  
H a n n  a n d  B e c k  [125]). F r o m  t h e  s o l u t i o n / d i f f u s i o n  m o d e l  o f  p e r m e a b i l i t y  [128], t h e  
p e r m e a b i l i t y  is g i v e n  by:
w h e r e  P, D  a n d  S  a r e  p e r m e a b i l i t y ,  d i f f u s i o n  a n d  solubility coefficients respectively. 
T h e  solubility coefficient is g i v e n  by:
w h e r e  A Q is t h e  h e a t  o f  m i x i n g  b e t w e e n  t h e  t w o  c o m p o n e n t s  w h i c h  is a  m e a s u r e  o f  
their p h y s i c a l  c o m p a t i b i l i t y .  It is d e f i n e d  as:
P  — D ■ S (4.2)
(4.3)
A Q  —  r/),i<l>p (Sd - Sp)2 (4.4)
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w h e r e  (f>d a n d  <fip a r e  t h e  v o l u m e  f r a c t i o n s  a n d  6d a n d  dp a r e  t h e  solubilities o f  t h e  
d y e  a n d  rece i v e r  p o l y m e r  respectively. T h e  solubility p a r a m e t e r s  w e r e  c a l c u l a t e d  b y  
I C I  I m a g e d a t a  u s i n g  t h e  m e t h o d  g i v e n  b y  F e d o r s  [129] a c c o r d i n g  to  t h e  e q u a t i o n :
S = ( ^ ) *  (4-5)
w h e r e  Ecoh is t h e  c o h e s i v e  e n e r g y  a n d  V  t h e  v o l u m e  o f  t h e  d y e  m o l e c u l e  o r  o f  t h e  
p o l y m e r  r e p e a t  unit. B o t h  q u a n t i t i e s  w e r e  c a l c u l a t e d  f r o m  g r o u p  c o n t r i b u t i o n s  listed 
i n  r e f e r e n c e  [130] a n d  a r e  g i v e n  i n  t a b l e  4.3.
R e c e i v e r
p o l y m e r
G l a s s  T r a n s i t i o n  
T e m p e r a t u r e
( ° C )
S o l u b i l i t y  
dp ( ( J e m - 3 ) 1/2 )
S o l u b i l i t y  
D i f f e r e n c e  
dd ~ dp({J e m - 3 ) 1/2 )
A 4 7 2 4 . 1 0.7
B 6 7 2 4 . 7 0.1
C 7 1 2 4 . 6 0.2
D 8 5 2 3 . 0 1.8
E 100 2 3 . 5 1.3
T a b l e  4.3: Solubilities o f  t h e  r e c e i v e r  p o l y m e r s  a n d  their d i f f e r e n c e  f r o m  t h e  d y e  
solubility.
B y  c o m b i n i n g  e q u a t i o n s  4.3 a n d  4. 4  w i t h  t h e  solubilities s h o w n  in t a b l e  4.3 ( w i t h  
e r r o r s  o f  ± l ( J c m - 3 ) 1/ 2 [131]), S is s e e n  t o  b e  c o n s t a n t  w i t h i n  e x p e r i m e n t a l  e r r o r  for 
all t h e  p o l y m e r s  u s e d  in this s t u d j c  T h e  p e r m e a b i l i t y  is t h e n  d i r e c t l y  p r o p o r t i o n a l  
t o  t h e  diffusivity a n d  t h e  d y e  t r a n s p o r t  is d e s c r i b e d  b y  d i f f u s i o n  coefficients alon e .  
T h i s  is e x p e c t e d  a s  all rece i v e r  p o l y m e r s  h a v e  s i m i l a r  c o m p o s i t i o n s  ( m i x t u r e s  o f  
t h e  s a m e  p o l y m e r s  i n  v a r y i n g  c o n c e n t r a t i o n s )  a n d  c a n  t h e r e f o r e  b e  a s s u m e d  t o  b e  
i d e n t i c a l  in all p h y s i c a l  a s p e c t s  o t h e r  t h a n  T g . It is t h e n  a c c e p t a b l e  t o  u s e  t h e  W L F  
e q u a t i o n  1 . 3 2  a n d  t h e  A r r h e n i u s  e q u a t i o n  1 . 3 3  to  d e s c r i b e  t h e  d iffusion coefficients.
W e  c a n  r e w r i t e  e q u a t i o n  1 . 3 2  for s m a l l  m o l e c u l e  diffu s i o n  b y  s u b s t i t u t i n g  ap =  D/Dg 
[132] ( w h e r e  D g is t h e  diffusion coefficient a t  T  =  T g ) a n d  u s i n g  c2 =  c2 =  5 1 . 6 ° C
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(its q u a s i - u n i v e r s a l  value):
(4.6)
I n  this w a y  t h e  W L F  e q u a t i o n  c a n  b e  u s e d  w i t h  a v e r a g e  v a l u e s  for cj a n d  Dg a n d
u s i n g  T g a s  t h e  variable. A  p l o t  o f  l o g D  a g a i n s t  ( T  —  T g ) / ( 5 1 . 6  +  T  —  T g ) is s h o w n  
i n  fig u r e  4 . 6  a), w h e r e  T = 5 2 3 K  is t h e  a v e r a g e  t e m p e r a t u r e  o f  p r i n t i n g  d e t e r m i n e d  
b y  H a n n  a n d  B e c k ’s m o d e l l i n g  [125]. T h e  s l o p e  o f  t h e  b e s t  s t r a i g h t  line r e g r e s s i o n  fit
T h i s  is c o m p a r a b l e  t o  m a n y  v a l u e s  t a b u l a t e d  b y  F e r r y  [11] for a  w i d e  r a n g e  o f  
p o l y m e r s .  T h e  i n t e r c e p t  o f  t h e  fit w i t h  t h e  y - a x i s  is t h e  a v e r a g e  v a l u e  o f  Dg w h i c h  
is f o u n d  t o  b e  D g =  2 . 7 6  ■ 1 0 ” 12c m 2s “ 1 .
T h e  D o o l i t t l e  e q u a t i o n  1 . 2 9  ( f r o m  w h i c h  t h e  W L F  e q u a t i o n  is d e r i v e d )  a s s u m e s  t h a t  
T g <  T  <  ( T g +  100). I n  t h e  t h e r m a l  t r a n s f e r  p r i n t i n g  a n d  a t  t h e  p r i n t  t i m e s  u s e d ,  
T  —  T g vari e s  b e t w e e n  a p p r o x i m a t e l y  1 5 0  a n d  2 0 0 ° C  a s s u m i n g  t h e  a v e r a g e  t e m p e r ­
a t u r e  o f  p r i n t i n g  t o  b e  5 2 3 K ,  F i g u r e  4 . 6  a) s h o w s  t h a t  o u r  d a t a  a g r e e s  w i t h  t h e  
F r e e  V o l u m e  i n t e r p r e t a t i o n  d e s p i t e  T  —  T g falling outs i d e  t h e  r a n g e  u s u a l l y  a s s o c i ­
a t e d  w i t h  t h e  D o o l i t t l e  a n d  W L F  e q u a t i o n s .  T h i s  is p r o b a b l y  d u e  t o  t h e  s o m e w h a t  
a r b i t r a r y  lim i t  o f  T g +  1 0 0  w h i c h  d o e s  n o t  r e p r e s e n t  a n y  p h y s i c a l  b o u n d a r y ,  b u t  
b r o a d l y  d e f i n e s  t h e  r e g i o n  i n  w h i c h  t h e  v i s c oelastic friction coefficient is n o n - l i n e a r .  
A n y  d e v i a t i o n s  f r o m  t h e  W L F  p r e d i c t i o n s  a b o v e  T g +  1 0 0  a r e  t h e r e f o r e  e x p e c t e d  to  
o c c u r  slowly, s h o w i n g  n o  discontinuities.
T h e  d i ffusion coefficients c a n  also b e  c o m p a r e d  to  t h e  a c t i v a t e d  diffusion m o d e l .  
I n  this c a s e  t h o u g h  w e  m u s t  a s s u m e  t h a t  t h e  a c t i v a t i o n  e n e r g y  o f  e q u a t i o n  1 . 3 3  is 
g i v e n  b y  A H a  T g (ie A H =  A T g w i t h  A  a  c o n s t a n t ) .  B y  s u b s t i t u t i n g  this int o  
t h e  A r r h e n i u s  e q u a t i o n  1 . 3 3  a n d  r e a r r a n g i n g ,  o n e  o b t a i n s :
F i g u r e  4.6 b) s h o w s  a  p l o t  o f  InD a g a i n s t  T g / T ,  w i t h  t h e  b e s t  s t r a i g h t  line r e g r e s ­
s i o n  fit. H e r e  t o o  t h e  a g r e e m e n t  is g o o d ,  i n d i c a t i n g  t h a t  b o t h  t h e  W L F  a n d  t h e  
A r r h e n i u s  e q u a t i o n s  a c c u r a t e l y  m o d e l  t h e  d a t a ,  d e s p i t e  u s i n g  T g r a t h e r  t h a n  T  as
g i v e s  a n  a v e r a g e  v a l u e  o f  cf for t h e  five p o l y m e r s  u s e d  a n d  is f o u n d  t o  b e  cf =  6,24.
(4.7)
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t h e  v a r i a b l e  a n d  a s s u m i n g  t h a t  t h e  p r i n t i n g  t e m p e r a t u r e  ( T )  r e m a i n s  c o n s t a n t  ( ie 
t h a t  n o  diffu s i o n  o c c u r s  d u r i n g  t h e  h e a t i n g  o r  c o o l i n g  o f  t h e  s a m p l e ) .  T h i s  a s s u m p ­
t i o n  is a n  o b v i o u s  s i m p l i f i c a t i o n  o f  t h e  real p r o b l e m  b u t  o n e  w h i c h  is n e c e s s a r y  in  
o r d e r  t o  p e r f o r m  t h e  analysis. It is justified o n  t h e  g r o u n d s  t h a t  t h e  h e a t i n g / c o o l i n g  
c u r v e s  a r e  ident i c a l  for all r e c e i v e r  p o l y m e r s  [125] {ie T  =  cst for all p o l y m e r s )  a n d  
t h a t  t h e  d i ffusion coefficients a r e  c o n c e n t r a t i o n  i n d e p e n d e n t  ( s h o w n  b y  t h e  fits t o  
t h e  d a t a )  w i t h o u t  w h i c h  t h e  profiles w o u l d  h a v e  t e m p e r a t u r e  d e p e n d e n t  s h a p e s .  It 
s h o u l d  a g a i n  b e  n o t e d  t h a t  this a n a l y s i s  is o n l y  m a d e  p o s s i b l e  b y  t h e  a s s u m p t i o n  
t h a t  t h e  r e c e i v e r  p o l y m e r s  a r e  i d e n t i c a l  in  all p h y s i c a l  a s p e c t s  e x c e p t  for their T g .
4 . 4 . 2  A b s o l u t e  C o n c e n t r a t i o n s
I n  o r d e r  t o  d e t e r m i n e  t h e  c o n c e n t r a t i o n  o f  t h e  d y e  i n  t h e  r e c e i v e r  p o l y m e r  a  d e t a i l e d  
k n o w l e d g e  o f  t h e  a t o m i c  c o m p o s i t i o n s  o f  b o t h  t h e  d y e  m o l e c u l e  a n d  t h e  r e c e i v e r  
p o l y m e r  a r e  r e q u i r e d .  T h e  R B S  s p e c t r a  o b t a i n e d  f r o m  t h e  s a m p l e s  a r e  v i e w e d  in  
R U M P  [114, 115], a n  R B S  a n a l y s i s  p r o g r a m .  U s i n g  S I M  (a  s u b p r o g r a m  o f  R U M P ) ,  
a n  initial s i m u l a t i o n  o f  t h e  s p e c t r u m  is o b t a i n e d  for a  t h e o r e t i c a l  s a m p l e  o f  t h e  s a m e  
c o m p o s i t i o n  a s  t h e  p u r e  r e c e i v e r  p o l y m e r  {ie w i t h o u t  a n j 7 d y e ) .  A  r e a s o n a b l e  fit is 
u s u a l l y  o b t a i n e d .  S u l p h u r  is t h e n  a d d e d  t o  this t h e o r e t i c a l  s a m p l e .  T h e  a m o u n t  o f  
s u l p h u r  a d d e d  is a l t e r e d  until t h e  t h e  h e i g h t  o f  t h e  s u l p h u r  e d g e  in  t h e  s i m u l a t i o n  
m a t c h e s  t h a t  o f  t h e  e x p e r i m e n t a l  d a t a .  K n o w i n g  t h e  a t o m i c  c o m p o s i t i o n  o f  t h e  
d y e ,  t h e  s u l p h u r  c o n t e n t  in  t h e  t h e o r e t i c a l  s a m p l e  e n a b l e s  t h e  c a l c u l a t i o n  o f  t h e  
c o r r e s p o n d i n g  d y e  c o n t e n t .  C o r r e c t i o n s  a r e  t h e n  m a d e  to t h e  overall c o m p o s i t i o n  o f  
t h e  t h e o r e t i c a l  s a m p l e  t o  a c c o u n t  for t h e  p r e s e n c e  o f  t h e  rest o f  t h e  d y e  m o l e c u l e .  
T h e  s i m u l a t i o n  f r o m  t h e  r e s u l t i n g  t h e o r e t i c a l  s a m p l e  is t h e n ,  o n c e  a g a i n ,  c o m p a r e d  
to t h e  e x p e r i m e n t a l  d a t a .
T h e  a t o m i c  c o m p o s i t i o n s  o f  t h e  r e c e i v e r  p o l y m e r s  w e r e  g i v e n  in t a b l e  4.1, b u t  a n  
e x a m p l e  o f  t h e  w h o l e  p r o c e s s  t o  d e t e r m i n e  t h e  d y e  c o n c e n t r a t i o n  is g i v e n  b e i o w .
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•  M a g e n t a  D y e  C o m p o s i t i o n :
T h e  m a g e n t a  d y e  c o m p o s i t i o n  is f o u n d  f r o m  t h e  c h e m i c a l  f o r m u l a  s h o w n  in  
figure 4.3. i.e. C 18N 5O 2H 21S
T h e r e  a r e  therefore: 1 8  +  5 +  2  +  2 1  +  1 =  4 7  a t o m s / m o l e c u l e  
w h i c h  l e a d s  to:
1 8 / 4 7  x  1 0 0  =  3 8 . 3 % C
5 / 4 7  x  1 0 0  =  1 0 . 6 % N
2 / 4 7  x  1 0 0  =  4 . 2 0 % O
2 1 / 4 7  x  1 0 0  =  4 4 . 6 % H
1 / 4 7  x  1 0 0  =  2 . 1 0 % S
w h e r e  all p e r c e n t a g e s  a r e  a t o m i c  c o m p o s i t i o n  p e r c e n t a g e s .
•  P o l y e s t e r  A  ( V y l o n  1 0 3 )  ( T g =  4 7 ° C )
T h e  c o m p o s i t i o n  w a s  g i v e n  in t a b l e  4.1 a n d  figure 4.2:
4 5 %  T e r e p h t h a l i c  acid: C 8H 4O 3 
5 %  S e b a c i c  acid: C i o H 160 3  
2 5 %  E t h y l e n e  glycol: C 2H 4O  
2 5 %  N e o p e n t y l  glycol: C 5H 10O  
i.e.
C  : 0 . 4 5  x  8 +  0 . 0 5  x  10 +  0 . 2 5  x  2 +  0 . 2 5  x  5  =  5 . 8 5  
O  : 0 . 4 5  x  3  +  0 . 0 5  x  3  +  0 . 2 5  x  1 +  0 . 2 5  x  1 =  2  
H  : 0 . 4 5  x  4  +  0 . 0 5  x  1 6  +  0 . 2 5  x  4  +  0 . 2 5  x  1 0  =  6.1
T h e r e  a r e  therefore: 5 . 8 5  +  2  +  6.1 =  1 3 . 9 5  a t o m s / m o l e c u l e  
w h i c h  l e a d s  to:
5 . 8 5 / 1 3 . 9 5  x  100 =  4 1 . 9 %  C  
2 / 1 3 . 9 5  x  1 0 0  =  1 4 . 3  % 0
CHAPTER 4. DYE DIFFUSION THERM AL TRANSFER 76
6 . 1 / 1 3 . 9 5  x  1 0 0  =  4 3 . 7 %  H
A  t h e o r e t i c a l  s a m p l e  w i t h  this c o m p o s i t i o n  w a s  u s e d  for t h e  first r o u g h  s i m u l a ­
tion. S u l p h u r  w a s  t h e n  a d d e d  t o  t h e  t h e o r e t i c a l  s a m p l e  unt i l  t h e  e x p e r i m e n t a l  
s u l p h u r  e d g e  w a s  m a t c h e d  b y  t h e  s i m u l a t i o n .  T h i s  w a s  o b t a i n e d  for t h e  fol­
l o w i n g  c o m p o s i t i o n :
C  : 4 1 . 9 %
O 1 4 . 3 %
H 4 3 . 7 %
S 0 . 3 3 %
i.e. p u r e  P o l y e s t e r  A  w i t h  a  s m a l l  a m o u n t  o f  s u l p h u r .
A s  s h o w n  a b o v e ,  s u l p h u r  r e p r e s e n t s  2 .1%  o f  t h e  d y e ,  b u t  o n l y  0 . 3 3 %  o f  t h e  
s a m p l e  surface. T h e  d y e  c o n c e n t r a t i o n  a t  t h e  s a m p l e  s u r f a c e  is t h e r e f o r e  
( 0 . 3 3 / 2 . 1 )  x  1 0 0  =  1 5 . 7 % .  T h e  P o l y e s t e r  A  s u r f a c e  c o n c e n t r a t i o n  is t h e n  
8 4 . 3 % .  T h e  final t h e o r e t i c a l  s a m p l e  c o m p o s i t i o n  is:
4 1 . 9  x  0 . 8 4 3  +  3 8 . 3  x  0 . 1 5 7  = 4 1 . 3  % C
1 4 . 3  x  0 . 8 4 3  +  4 . 2 0  x  0 . 1 5 7  = 1 2 . 7  % 0
4 3 . 7  x  0 . 8 4 3  +  4 4 . 6  x  0 . 1 5 7  = 4 3 . 8  % H
1 0 . 6  x  0 . 1 5 7  = 1 . 7 0  % N
2.1 x  0 . 1 5 7  = 0 . 3 3  %  S
F i g u r e  4 . 7  s h o w s  a  t y p i c a l  R B S  s p e c t r u m  w i t h  t h e  final s i m u l a t e d  s p e c t r u m .  It 
m u s t  b e  n o t e d  t h a t  t h e  s i m u l a t i o n s  m u s t  o n l y  b e  c o n s i d e r e d  a t  t h e  e l e m e n t a l  e d g e s  
( c o r r e s p o n d i n g  t o  s u r f a c e  c o n c e n t r a t i o n s )  b e c a u s e  t h e  s i m u l a t i o n  p r o g r a m  w o u l d  n o t  
a l l o w  s u b s t a n c e s  o f  c o n s t a n t l y  v a r y i n g  c o m p o s i t i o n  w i t h  d e p t h .  C o n c e n t r a t i o n s  a t  
d e p t h  w e r e  f o u n d  u s i n g  e q u a t i o n  4. 1  n o r m a l i s e d  t o  t h e  s u r f a c e  c o n c e n t r a t i o n .
T a b l e  4. 4  s h o w s  a  s u m m a r y  o f  t h e  s i m u l a t i o n  results, g i v i n g  t h e  d y e  s u r f a c e  c o n c e n ­
t r a t i o n s  (as m a s s  fractions) for e a c h  s a m p l e .  T h e  s i m u l a t i o n s  o f  t h e  r e c o r d e d  d a t a
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F i g u r e  4.3: S t r u c t u r e  a n d  c h e m i c a l  f o r m u l a  o f  t h e  m a g e n t a  d vy e  u s e d  in  t h e  D 2 T 2  
p r o c e s s .
S a m p l e  T y p e T g Dj^e c o n c e n t r a t i o n
( ° C ) a t  s u r f a c e  ( % )
A 4 7 15 . 7
B 6 7 16. 7
18.6
1 5 . 7
C 7 1 16.7
12.9
17.1
D 8 5 14.3
E 1 0 0 17.1
19.0
Table 4.4: Summary of the simulation results
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F i g u r e  4.4: R B S  s p e c t r u m  o b t a i n e d  f r o m  a  s a m p l e  w i t h  a  n o n - c o n d u c t i n g  surface. 
T h e  c h a r g e  d e p o s i t e d  b y  t h e  i o n  b e a m  i n t o  t h e  s a m p l e  e s c a p e s  b y  o c c a s i o n a l  d i s ­
c h a r g i n g  t h r o u g h  s p a r k i n g .  T h i s  is r e c o r d e d  b y  t h e  d e t e c t o r  a s  l o w  e n e r g y  n o i s e  a n d  
h a s  t h e  effect o f  b l u r r i n g  t h e  b a c k s c a t t e c l  s p e c t r u m .
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0.30
D  =  2 . 8 5  1 0  c m  s ( 7 . 3 5 % )
0 . 1 5
0 . 2  0 . 4  0 . 6
D e p t h  ( j a m )
D e p t h  ( j a m )
F i g u r e  4.5: D e p t h  profiles a n d  b e s t  fits to  t h e  d a t a  for a) P o l y e s t e r  B  a n d  b)  P o l y e s t e r  
E .  I n  b o t h  c a s e s  t h e  lines a b o v e  a n d  b e l o w  t h e  b e s t  fit a r e  c h o s e n  t o  e n c o m p a s s  t h e  
d a t a  a n d  a r e  u s e d  a s  e s t i m a t e s  o f  t h e  e r r o r  o n  t h e  d i ffusion coefficient o b t a i n e d  f r o m  
t h e  b e s t  fit. T h e  u n i t s  for t h e  }7- a x i s  w e r e  d e t e r m i n e d  b y  s i m u l a t i n g  t h e  s p e c t r u m  
for w h i c h  t h e  m e t h o d  is d e s c r i b e d  later.
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(T"Tg) / (51.6+T-Tg)
Y] o  _ _ _ 1_ _ _ 1_ _ _ '_ _ _ 1_ _ _ 1_ _ _ 1_ _ _ 1_ _ _ 1_ _ _ 1_ _ _
0 . 6 0 0  0 . 6 2 5  0 . 6 5 0  0 . 6 7 5  0 . 7 0 0  0 . 7 2 5
T /T
g
F i g u r e  4.6: Dj'e d i f f u s i o n  coefficients c o m p a r e d  to  a) t h e  F r e e  V o l u m e  t h e o r y  a n d  
t h e  W L F  e q u a t i o n  a n d  b) t h e  a c t i v a t e d  diffu s i o n  m o d e l  a n d  t h e  A r r h e n i u s  t y p e  
e q u a t i o n .
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F i g u r e  4.7: R e c o r d e d  d a t a  a n d  s i m u l a t e d  s p e c t r u m  for d y e  d i f f u s i o n  i n t o  a c c e p t o r  
p o l y m e r  B .  T h e  fit t o  t h e  s u l p h u r  s h o u l d  o n l y  b e  c o n s i d e r e d  a t  t h e  f r o n t  e d g e  
b e c a u s e  t h e  s i m u l a t i o n  p r o g r a m  w o u l d  n o t  a l l o w  s u b s t a n c e s  o f  c o n s t a n t l y  v a r y i n g  
c o m p o s i t i o n  w i t h  d e p t h .
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a r e  v e r y  a c c u r a t e .  T h e  d y e  s u r f a c e  c o n c e n t r a t i o n s  v a r y  b e t w e e n  1 2 . 9 %  a n d  1 9 . 0 % .  
T h i s  v a r i a t i o n  a p p e a r s  t o  b e  statistical r a t h e r  t h a n  p o l y m e r  d e p e n d e n t  a n d  s u g g e s t s  
t h a t  t h e  final d y e  s u r f a c e  c o n c e n t r a t i o n s  d e p e n d s  o n l y  o n  t h e  c o n c e n t r a t i o n s  o f  t h e  
d y e  in s o l u t i o n  in  t h e  c o l o u r  r i b b o n  a t  t h e  start o f  t h e  p r o c e s s .  T h e  q u a n t i t y  o f  d y e  
t r a n s f e r r e d  f r o m  t h e  d o n o r  t o  t h e  r e c e i v e r  p o l y m e r  is t h e n  enti r e l y  d e p e n d e n t  o n  
t h e  d i f f u s i o n  coefficients o f  t h e  d y e  m o l e c u l e  in t h e  rece i v e r  p o l y m e r :  this q u a n t i t y  
is d i r e c t l y  p r o p o r t i o n a l  to  t h e  d i f f u s i o n  coefficient.
4 . 4 . 3  S a m p l e  D a m a g e
It w a s  m e n t i o n e d  in  t h e  last c h a p t e r  t h a t  p r e c a u t i o n s  n e e d  to  b e  t a k e n  in  o r d e r  to  
m i n i m i s e  d a m a g e  t o  t h e  s a m p l e s  c a u s e d  b y  t h e  b e a m .  T h i s  w a s  a c h i e v e d  b y  u s i n g  
m o d e r a t e  b e a m  c u r r e n t s  (typically 5 0  t o  8 0  n A  o v e r  0 . 2 5 c m 2 o f  s a m p l e ,  for R B S )  
a n d  b y  c o o l i n g  t h e  s a m p l e  w i t h  liq u i d  n i t r o g e n  in  t h e  c o l d  finger. T h e  effectiveness 
o f  t h e s e  p r e c a u t i o n s  w a s  d i s c u s s e d  for N R A  only, w h e r e  s a m p l e s  w i t h  k n o w n  profiles 
w e r e  c o n s t r u c t e d  a n d  a n a l y s e d .  H o w e v e r  t h e  s a m p l e s  a n a l y s e d  in  this s t u d y  d o  
n o t  p o s s e s s  k n o w n  profiles. F o r  this r e a s o n  s a m p l e  d a m a g e  m u s t  b e  a s s e s s e d  in  
t e r m s  o f  h o w  t h e  r e c o r d e d  s p e c t r u m  c h a n g e s  w i t h  t i m e .  T y p i c a l l y ,  a  s p e c t r u m  
w i t h  a  sufficient n u m b e r  o f  c o u n t s  i n  t h e  s u l p h u r  d i s t r i b u t i o n  t o  e n a b l e  analysis, 
is o b t a i n e d  in t e n  t o  fifteen m i n u t e s .  A f t e r  this l e n g t h  o f  t i m e  in t h e  b e a m  t h e  
s a m p l e  s u r f a c e  visibly alters a n d  starts t o  b r o w n .  A n  e x t r a  r u n  w i t h  t h e  b e a m  
o n  t h e  s a m e  a r e a  o f  t h e  s a m p l e  is c a r r i e d  o u t  to  d e t e r m i n e  w h e t h e r  t h e  visible 
c h a n g e  t o  t h e  s u r f a c e  alters t h e  d a t a  a c q u i r e d .  T w o  s u c h  r u n s  w e r e  c a r r i e d  o u t  
o n  different s a m p l e s  o f  P o l y e s t e r  B .  I n  b o t h  c a s e s  t h e  initial r u n  w a s  a c q u i r e d  i n  
9 5 0  s e c o n d s  a n d  t h e  s e c o n d  o n e  in 6 7 0  s e c o n d s .  T h e  diffu s i o n  coefficients o b t a i n e d  
w e r e  1.81 * 1 0 ~ 7c m 2s _1 a n d  2 .1 1  • 1 0 - 7c m 2s -1 r e s p e c t i v e l y  f r o m  t h e  first r u n  a n d  
1. 7 8  * 1 0 “ 7c m 2s ~ I a n d  2 . 0 3  * 1 0 ~ 7c m 2s _1 r e s p e c t i v e l y  f r o m  t h e  s e c o n d  r u n .  I n  b o t h  
c a s e s  t h e  diffe r e n c e  in  d i f f u s i o n  coefficients b e t w e e n  r u n s  is a l m o s t  identical, v a r y i n g  
b y  less t h a n  5 %  a n d  w e l l  w i t h i n  e x p e r i m e n t a l  error. T h e  e x t r a  e x p o s u r e  t o  t h e  
b e a m  d o e s  n o t  alter t h e  r e c o r d e d  s u l p h u r  d i s t r i b u t i o n  a n d  t h e  p r e c a u t i o n s  t a k e n
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a g a i n s t  b e a m  d a m a g e  a r e  t h e r e f o r e  d e e m e d  sufficient. I d e a l l y  o n e  w o u l d  like t o  se e  
w h e t h e r  t h e  s p e c t r u m  a l t e r e d  d u r i n g  t h e  initial 1 0  to  1 5  m i n u t e  r u n .  T h i s  c o u l d  b e  
t e s t e d  b y  r e c o r d i n g  a n d  c o m p a r i n g  s p e c t r a  o b t a i n e d  after e v e r y  2 0 0 t o  3 0 0  s e c o n d s  
o f  e x p o s u r e  t o  t h e  b e a m .  H o w e v e r  t h e  s i g n a l  o b t a i n e d  after this l e n g t h  o f  t i m e  is t o o  
s m a l l  a n d  n o i s y  t o  p e r f o r m  a c c u r a t e  c o m p a r i s o n s  w i t h  a n d  r e a c h  a n y  c o n c l u s i o n .
4 . 4 . 4  C y a n  a n d  Y e l l o w  D y e s
T o  p r o d u c e  c o m p l e t e  i m a g e s  b y  t h e  D 2 T 2  p r o c e s s  s u p e r p o s i t i o n  o f  t h r e e  d y e s  is 
r e q u i r e d :  m a g e n t a ,  c y a n  a n d  y e l l o w .  A l l  t h e  w o r k  r e p o r t e d  s o  far w a s  c a r r i e d  o u t  
o n  s a m p l e s  w i t h  m a g e n t a  d y e  i m p r i n t e d  o n  t h e m ,  b u t  w o r k  h a s  b e e n  c o n d u c t e d  o n  
s a m p l e s  c o n t a i n i n g  t h e  c y a n  a n d  y e l l o w  d y e s .
C y a n  D y e
C o m p o s i t i o n :
CN
< Q ) — N =  N— <f^>— N = N - ^ $ - N(C2H 5) 2
NHCOCH3
F i g u r e  4.8: C y a n  d y e  m o l e c u l a r  st r u c t u r e :  C 23N 7H 23 0 S.
i.e. C  : 4 8 % ,  0 : 1 . 8 % ,  S : 1 .8 % ,  N  : 1 2 . 7 % ,  H : 4 1 . 8 %
R B S  w a s  c a r r i e d  o u t  o n  a  c y a n  d}^e c o a t e d  s a m p l e  o f  P o l y e s t e r  A  ( T g =  4 7 ° C )  w h e r e  
t h e  t r a c e d  e l e m e n t  w a s  o n c e  a g a i n  s u l p h u r .  T h e  p r o c e s s  w a s  i d e n t i c a l  to  t h e  o n e  
d e s c r i b e d  earlier. T w o  p r o b l e m s  w e r e  e n c o u n t e r e d  w i t h  t h e s e  s a m p l e s .
• T h e  c o u n t  r a t e  w a s  e x t r e m e l y  l o w ,  m e a n i n g  t h a t  s p e c t r a  t o o k  m u c h  l o n g e r  to  
a c quire.
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•  A f t e r  a p p r o x i m a t e l y  h a l f  a n  h o u r ’s d a t a  coilecting, t h e  s p e c t r u m ,  w h i c h  al­
t h o u g h  still v e r y  l o w  i n  c o u n t s  definitely s h o w e d  t h e  p r e s e n c e  o f  s u l p h u r ,  s u d ­
d e n l y  b e c a m e  s w a m p e d  w i t h  noise. T h i s  o c e u r e d  consistently, i r r e s p e c t i v e  o f  
c o a t i n g  t y p e  ( b o t h  c a r b o n  a n d  g o l d  w e r e  tried) o r  t h i c k n e s s .  N o  s u d d e n  c h a n g e  
i n  o b s e r v a b l e  d a m a g e  w a s  n o t i c e d  at  this t i m e .  T o  o b t a i n  a  s p e c t r u m  f r o m  
w h i c h  i n f o r m a t i o n  c o u l d  b e  e x t r a c t e d ,  t h r e e  s p e c t r a  ( e a c h  g a t h e r e d  for h a l f  a n  
h o u r  a n d  s t o p p e d  b e f o r e  t h e  o n s e t  o f  nois e )  w e r e  a d d e d  t o g e t h e r  b e f o r e  a n a l ­
ysis. T h e  c u m u l a t i v e  profile, a l t h o u g h  v e r y  noisy, g a v e  a  d i f f u s i o n  coefficient 
o f  6 . 4 3  * 1 0 ” 'cuffs” 1 , b u t  w i t h  e s t i m a t e d  e r r o r s  g r e a t e r  t h a n  5 0 % .
T h e  difficulties e n c o u t e r e d  w i t h  this d y e  a r e  n o t  easily a c c o u n t e d  for. T h e  s m a l l e r  
c o u n t  r a t e  c o u l d  p a r t l y  b e  d u e  t o  t h e  1 5 %  l o w e r  s u l p h u r  c o n t e n t  o f  t h e  c y a n  d y e :  
1 . 8 %  c o m p a r e d  t o  2 .1 %  in  t h e  m a g e n t a  d y e .  H o w e v e r  t h e  c o u n t  r a t e  a p p e a r e d  t o  
s h o w  a  m u c h  m o r e  significant s l o w i n g  d o w n .  T h i s  c o u l d  b e  d u e  t o  a  s m a l l e r  q u a n t i t y  
o f  d y e  b e i n g  p r e s e n t  in  t h e  s a m p l e s ,  r e s u l t i n g  f r o m  a  l o w e r  d y e  c o n c e n t r a t i o n  in t h e  
initial d o n o r  r i b b o n ,  b u t  this c o u l d  n o t  b e  c h e c k e d  b e c a u s e  n o  a c c u r a t e  s p e c t r u m  
s i m u l a t i o n  c o u l d  b e  o b t a i n e d .  N o  s a t i s f a c t o r y  e x p l a n a t i o n  w a s  f o u n d  for t h e  s u d d e n  
a p p e a r e n c e  o f  n o i s e  after 3 0  m i n u t e s  in  t h e  b e a m .  T h e  fact t h a t  this p h e n o m e n o n  
w a s  n o t  o b s e r v e d  w h e n  t h e  s a m e  r e c e i v e r  p o l y m e r  w a s  d y e d  m a g e n t a  i n d i c a t e s  t h a t  
it c o u l d  b e  d u e  to  t h e  c y a n  d y e  m o l e c u l e  itself. O t h e r  c y a n  d y e d  rece i v e r  p o l y m e r s  
s h o u l d  b e  t e s t e d  t o  s e e  w h e t h e r  t h e  s a m e  p r o b l e m s  a r e  e n c o u n t e d  b u t  n o  s u c h  
s a m p l e s  w e r e  s u p p l i e d  b y  I C I  I m a g e d a t a .
Y e l l o w  D y e
I n  t h e  c a s e  o f  t h e  y e l l o w  dj^e m o l e c u l e ,  n o  s u l p h u r  is p r e s e n t .  I n s t e a d  it is c h l o r i n e  
w h i c h  is d e t e c t e d  in  t h e  R B S  e x p e r i m e n t s .  A l t h o u g h  n o  d i ffusion coefficients o r  d y e  
c o n c e n t r a t i o n s  h a v e  b e e n  d e t e r m i n e d  for t h e  y e l l o w  d y e  a  l o o k  a t  t h e  d a t a  o b t a i n e d  
a n d  r e c o r d e d  in  p r e v i o u s  w o r k  [133] s h o w s  s p e c t r a  closely r e s e m b l i n g  t h o s e  o b t a i n e d  
a n d  r e p o r t e d  h e r e  for t h e  m a g e n t a  d y e .  It w o u l d  t h e r e f o r e  b e  p o s s i b l e  to p r o d u c e
a  s i m i l a r  set o f  results w i t h  t h e  y e l l o w  ctyed s a m p l e s ,  t o  t h o s e  o b t a i n e d  w i t h  t h e  
m a g e n t a  d y e d  o n e s .
C o m p o s i t i o n :
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O  \ aH9
F i g u r e  4.9: Y e l l o w  d y e  m o l e c u l a r  s t r u c t u r e :  C 17N 4H 17O 2CI. 
i.e. C :  4 1 . 5 % ,  N : 9 . 8 % ,  H : 4 1 . 5 % ,  0 : 4 . 9 % ,  C l :  2 . 4 %
4 . 5  C o n c l u s i o n
A l t h o u g h  n o  t h e o r y  exists to  a c c u r a t e l y  d e s c r i b e  t h e  D 2 T 2  p r o c e s s  a n d  e n a b l e  t h e  
c a l c u l a t i o n  o f  d i f f u s i o n  coefficients, b o t h  t h e  F r e e  V o l u m e  T h e o r y  a n d  t h e  a c t i v a t e d  
d i f f u s i o n  m o d e l  a r e  a d e q u a t e  for d e s c r i b i n g  t h e  results p r e s e n t e d  in  this c h a p t e r .  
T h e  d y e  s u r f a c e  c o n c e n t r a t i o n s  h a v e  b e e n  s h o w n  to  b e  i n d e p e n d e n t  o f  t h e  r e c e i v e r  
p o l y m e r  t y p e  a n d  entirely d e p e n d e n t  o n  t h e  d y e  c o n t e n t  o f  t h e  c o l o u r  r i b b o n .  T h e s e  
results a r e  all c o n s i s t e n t  w i t h  e a c h  o t h e r  a n d  c a n  b e  u s e d  t o  h e l p  in t h e  s e l e c t i o n  
o f  t h e  b e s t  r e c e i v e r  m a t e r i a l s  for t h e  p r o c e s s .  B y  k n o w i n g  t h e  d e p t h  o f  d i f f u s i o n  o f  
t h e  d y e  a n d  at  w h a t  c o n c e n t r a t i o n s  it is to b e  f o u n d  in t h e  receiver, t h e  o p t i m u m  
t h i c k n e s s  for t h e  rece i v e r  p o l y m e r  c a n  b e  e s t i m a t e d .
F u t u r e  a r e a s  o f  interest o f  I C I  I m a g e d a t a ’s i n v o l v e  a  m o r e  t h o r o u g h  l o o k  a t  t h e  c y a n  
a n d  y e l l o w  d y e s  a n d  t h e  u s e  o f  m o d i f i e d  d y e  m o l e c u l e s .  T h e s e  w o u l d  c o n t a i n  ‘s t i c k y  
e n d s ’ d e s i g n e d  to  c h e m i c a l l y  r e a c t  w i t h  t h e  r e c e i v e r  p o l y m e r .  I n  t h e o r y  t h e  d y e s  
w o u l d  r e m a i n  closer t o  t h e  s u r f a c e  w h i l s t  also c r e a t i n g  m o r e  p e r m a n e n t  i m a g e s .  R B S
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w o u l d  b e  u s e d  a s  b e f o r e  t o  d e t e r m i n e  t h e  n e w  d y e  d e p t h  profiles a n d  t o  q u a n t i f y  
t h e  effect o f  t h e  ‘s t i c k y  e n d s ’.
T h e  w o r k  r e p o r t e d  h e r e  h a s  d e m o n s t r a t e d  t h a t  t h e  R B S  i o n  b e a m  t e c h n i q u e  is a n  
a c c u r a t e ,  reliable a n d  s e nsitive m e t h o d  for s t u d y i n g  t h e  d i f f u s i o n  o f  s m a l l  m o l e c u l e s  
i n  p o l y m e r s  i n  t h e  n e a r  s u r f a c e  regi o n s .  N e v e r t h e l e s s  c e r t a i n  r e q u i r e m e n t s  n e e d  t o  
b e  fulfilled in c h o o s i n g  a d e q u a t e  s a m p l e s ,  s u c h  a s  o n e s  in  w h i c h  h e a v y  e l e m e n t s  a r e  
t o  b e  d e t e c t e d  in m a t r i c e s  c o m p o s e d  o f  lighter e l e m e n t s .
C h a p t e r  5
I n t e r d i f f u s i o n  o f  P S  a n d  P M M A
5 . 1  I n t r o d u c t i o n
It w a s  m e n t i o n e d  in c h a p t e r  2  t h a t  int e r d i f f u s i o n  s t u d i e s  w e r e  d i r e c t l y  r e l e v a n t  to  
w e l d i n g  a n d  a d h e s i o n  p r o p e r t i e s  b o t h  b e t w e e n  c h e m i c a l l y  ident i c a l  p o l y m e r s  o f  dif­
f e r i n g  m o l e c u l a r  w e i g h t s  a n d  b e t w e e n  c h e m i c a l l y  different p o l y m e r s .  A s  s u c h  t h e y  
a r e  h i g h l y  r e l e v a n t  t o  a  n u m b e r  o f  i n d u s t r i a l  a p p l i c a t i o n s .  H o w e v e r  it w a s  also s h o w n  
t h a t  t h e s e  s y s t e m s  a r e  n o t  fully u n d e r s t o o d .  A l t h o u g h  a  n u m b e r  o f  a c c e p t e d  m o d ­
els exist d e s c r i b i n g  t h e  diff u s i o n  m e c h a n i s m s  o f  p o l y m e r  c h a i n s  a c c o r d i n g  t o  their 
l e n g t h  ( d e g r e e  o f  p o l y m e r i s a t i o n ) , t h e r e  is still m u c h  d e b a t e  a b o u t  a c t u a l  diff u s i o n  
coefficients a n d  in  p a r t i c u l a r  h o w  t h e }7 v a r y  w i t h  p o l y m e r  b l e n d  c o m p o s i t i o n .  T w o  
theories, t h e  ‘fast’ a n d  ‘s l o w ’ theories, w e r e  p u b l i s h e d  o v e r  a  d e c a d e  a g o  p r e d i c t ­
i n g  r a d i c a l l y  different c o n c e n t r a t i o n  d e p e n d e n c i e s ,  b u t  n e i t h e r  h a s  p r o v e d  entirely 
successful. R e c e n t  m o d i f i c a t i o n s  to  t h e s e  t h e o r i e s  b y  o t h e r  g r o u p s  h a v e  y e t  to  b e  
tested.
I n  this light I h a v e  s t u d i e d  t h e  interdiffiisioii o f  t w o  c o m m o n  p o l y m e r s  m u c h  u s e d  
s e p a r a t e l y  in i n d u s t r y :  P o l y s t y r e n e  ( P S )  a n d  P o l y  ( m e t h y l  m e t h a c r y l a t e )  ( P M M A )  
also k n o w n  as  P e r s p e x .  T h e  b l e n d  is k n o w n  to h a v e  a n  u p p e r  critical s o l u t i o n
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t e m p e r a t u r e  g i v i n g  a  p h a s e  d i a g r a m  s i m i l a r  t o  t h e  o n e  s h o w n  i n  figure 1.2 a). T h e  
v a l u e  o f  T c r e p r e s e n t i n g  t h e  b o u n d a r y  b e t w e e n  t otally a n d  p a r t i a l l y  m i s c i b l e  b l e n d s  
is, for g i v e n  m o l e c u l a r  w e i g h t s  o f  b o t h  c o m p o n e n t s ,  a  f u n c t i o n  o f  Xsp,c ( f r o m  e q u a t i o n  
1.15). T h i s  f u n c t i o n  is u s u a l l y  o f  t h e  f o r m  o f  e q u a t i o n  1 . 1 7  i n  w h i c h  xs a n d  xh a r e  
d e t e r m i n e d  e x p e r i m e n t a l l y .
B l e n d s  o f  p o l y s t y r e n e  ( P S )  a n d  p o l y  ( m e t h y l  m e t h a c r y l a t e )  ( P M M A )  h a v e  b e e n  s t u d ­
i e d  for m a n y  y e a r s  [46, 1 3 4 ,  135 ,  136 ,  1 3 7 ,  13 8 ,  1 3 9 ,  140, 1 4 1 ,  1 4 2 ,  1 4 3 ,  144]. S t o c k -  
m e y e r  a n d  S t a n l e y  [134] p e r f o r m e d  light s c a t t e r i n g  e x p e r i m e n t s  o n  t e r n a r y  s o l u t i o n s  
o f  P S / P M M A / b u t a n o n e ,  m e a s u r i n g  t u r b i d i t y  t o  d e t e r m i n e  t h e  F l o r y - H u g g i n s  i n ­
t e r a c t i o n  p a r a m e t e r  b e t w e e n  t h e  t w o  p o l y m e r s  in s o lution. T h i s  t e c h n i q u e  w a s  
r e f i n e d  b y  1 ) F u k a d a  a n d  I n a g a k i  [135, 1 3 6 ]  w h o  i m p r o v e d  t h e  p r e c i s i o n  o f  t h e  e x ­
p e r i m e n t s  b y  u s i n g  a  s o l v e n t  o f  s i m i l a r  refractive i n d e x  t o  t h e  t w o  c o m p o n e n t s ,  
h e n c e  r e d u c i n g  t h e  s c a t t e r i n g  d u e  t o  p o l y m e r / s o l v e n t  i n t e r a c t i o n s  a n d  r e n d e r i n g  
t h e  p o l y m e r / p o l y m e r  o n e s  m o r e  visible a n d  b y  2) S u  a n d  F r i e d  [137] w h o  d e v e l o p e d  
a  t h e o r y  to a c c o u n t  for free v o l u m e  effects a n d  a n a l y s e  t h e  d a t a  m o r e  a c c u r a t e l y .  
M o r e  r e c e n t l y  s m a l l  a n g l e  n e u t r o n  s c a t t e r i n g  ( S A N S )  [138, 1 3 9 ,  140], s m a l l  a n g l e  
x - r a y  s c a t t e r i n g  ( S A X S )  [141], n e u t r o n  r e f l e c t o m e t r y  [142] a n d  e l l i p s o m e t r y  [143] 
h a v e  b e e n  u s e d  to  m e a s u r e  t h e  interfacial t h i c k n e s s  b e t w e e n  t h e  u n d i l u t e d  p o l y ­
m e r s .  x  w a s  t h e n  d e t e r m i n e d  f r o m  e q u a t i o n s  d e r i v e d  f r o m  t h e  self-consistent field 
t h e o r y  [145, 146]. D e t e r m i n i n g  p h a s e  d i a g r a m s  dire c t l y  b y  r e c o r d i n g  t h e  t e m p e r ­
a t u r e  at  w h i c h  b l e n d s  o f  v a r y i n g  c o m p o s i t i o n s  c r o s s  t h e  s p i n o d a l  in  c l o u d  p o i n t  
m e a s u r e m e n t s ,  h a s  also b e e n  p e r f o r m e d  w i t h  s e v e r a l  m o l e c u l a r  w e i g h t  p o l y m e r  
p a i r s  [46, 144]. C o m p a r i s o n  o f  t h e s e  d i a g r a m s  w i t h  p r e d i c t i o n s  f r o m  t h e  F l o r y -  
H u g g i n s  [34] a n d  o t h e r  t h e o r i e s  c o n s i d e r i n g  p o l y m e r  c o m p r e s s i b i l i t i e s  [47, 48 ,  49] 
o r  a  m o d i f i e d  F - H  lattice cell [147] also y i e l d e d  v a l u e s  for x -  T h e s e  p u b l i c a t i o n s  
h a v e  c o n c e n t r a t e d  o n  t h e  d e t e r m i n a t i o n  o f  x ? s t u d y i n g  d i l u t e  s o l u t i o n s  a s  w e l l  a s  
c o n c e n t r a t e d  b l e n d s ,  h o m o p o l y m e r s  a n d  c o p o l y m e r s  a n d  m o n o d i s p e r s e  a s  w e l l  a s  
p o l y d i s p e r s e  p o l y m e r s .  R e s u l t s  h a v e  b e e n  c o n t r a d i c t o r y  a n d  t h e  s c a t t e r i n g  o f  v a l u e s  
for x  s e v e r e l y  limits their p r a c t i c a l  use. C o n s e n s u s  is o n l y  o b t a i n e d  for m o l e c u l a r  
w e i g h t s  a b o v e  s e v e r a l  t h o u s a n d  g r a m s  for w h i c h  all v a l u e s  a g r e e  o n  t h e  i m m i s c i b i l i t y
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o f  t h e  u n d i l u t e d  p o l y m e r s .
5 , 2  S a m p l e  P r e p a r a t i o n
T h e  p o l y m e r s  u s e d  in this s t u d y  a r e  d e s c r i b e d  in  t a b l e  5.1. A l l  p o l y m e r s  w e r e  
s u p p l i e d  b y  P o l y m e r  L a b o r a t o r i e s  L t d .  a n d  a r e  m o n o d i s p e r s e .  T h e  gla s s  t r a n s i t i o n s  
w e r e  d e t e r m i n e d  b y  D S C  u s i n g  a  P e r k i n - E l m e r  D S C 7  a t  a  h e a t i n g  r a t e  o f  1 0 ° C m i n - i . 
T h e y  a r e  c o n s i s t e n t l y  1 0 ° C  l o w e r  t h a n  v a l u e s  e x t r a p o l a t e d  b e t w e e n  T g s m e a s u r e d  b y  
C a l l a g h a n  a n d  P a u l  [46] a t  t w i c e  t h e  h e a t i n g  r a t e  for p o l y m e r s  o f  s i m i l a r  m o l e c u l a r  
w e i g h t s  also p u r c h a s e d  f r o m  P o l y m e r  L a b o r a t o r i e s  Ltd..
P o l y m e r  T y p e D e s i g n a t i o n M o l e c u l a r  W e i g h t  ( g m o l  *) T g ( ° C ) M w / M n
P M M A 2 . 9 k  P M M A 2 9 0 0 7 1 1 . 0 7
P M M A 3 . 1 k  P M M A 3 1 0 0 7 2 1 . 0 7
P M M A 4 . 7 k  P M M A 4 7 0 0 8 4 1.09
d - P S 4.51c d - P S 4 5 5 0 7 3 1.04
T a b l e  5.1: P o l y m e r s  u s e d  in this w o r k
S a m p l e s  a r e  m a d e  b y  s p i n  c a s t i n g  a  f i l m  ( «  0.8pm thick) o f  P M M A  o n t o  a n  e t c h e d  
silicon w a f e r  s u r f a c e  f r o m  a  t o l u e n e  s o l u t i o n  ( «  1 0 % w / w )  a n d  left t o  d r y  o v e r n i g h t .  
T h e  w a f e r  is e t c h e d  w i t h  b u f f e r e d  h y d r o f l u o r i c  a c i d  (7:1) t o  p r e v e n t  t h e  p o l y m e r  
d e w e t t i n g  w h e n  a n n e a l e d  a b o v e  T g . T h e  a c i d  r e m o v e s  t h e  h y d r o p h o b i c  o x i d e  lay e r  
n o r m a l l y  p r e s e n t  o n  t h e  surface, l e a v i n g  a  h y d r o p h i l i c  p u r e  silicon s u r f a c e  w h i c h  
t h e  l o w  m o l e c u l a r  w e i g h t  ( a n d  h e n c e  l o w  viscosity) P M M A  c a n  w e t  e v e n  a b o v e  T g . 
A  d - P S  film 0 . 2 5 / m i  thick) is s p i n  c a s t  o n t o  a  glass m i c r o s c o p e  slide ( f r o m  a
6 . 5 %  t o l u e n e  s o l u t i o n )  a n d  left t o  d r y  a t  r o o m  t e m p e r a t u r e  for a  c o u p l e  o f  h o u r s .  
T h e  p o l y m e r  f i l m  is t h e n  f l o a t e d  off u s i n g  t h e  s u r f a c e  t e n s i o n  o f  distilled w a t e r  a n d  
p i c k e d  u p  o n  t h e  p r e v i o u s l y  c o a t e d  silicon w a f e r ,  t h e r e b y  c r e a t i n g  a  bilayer. T h e  
s p i n  e a s t i n g  is p e r f o r m e d  o v e r  a  c o n s t a n t  l e n g t h  o f  t i m e  ( 3 0  s e c o n d s )  for all fil m s  
t o  e n s u r e  a n  o p t i c a l l y  flat s u r f a c e  is c r e a t e d .  D i f f e r e n t  t h i c k n e s s e s  a r e  c r e a t e d  b y
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a l t e r i n g  t h e  p o l y m e r / t o l u e n e  s o l u t i o n  c o n c e n t r a t i o n .  T h e  s a m p l e s  a r e  left t o  d r y  
o v e r n i g h t  b e f o r e  i n d u c i n g  diffu s i o n  b y  a n n e a l i n g  in a  v a c u u m  o v e n  a t  p r e s s u r e s  o f  
1 0 - 1  T o r r .  T h e  2.91< P M M A  is n o t  u s e d  for t h e  first p a r t  o f  this s t u d y  a n d  bilayers 
a r e  m a d e  u s i n g  o n l y  t h e  o t h e r  t w o  m o l e c u l a r  w e i g h t s .  S a m p l e s  c o n t a i n i n g  3 . 1 k  
P M M A  a r e  a n n e a l e d  a t  t e m p e r a t u r e s  o f  9 6 ° C ,  1 0 5 ° C ,  1 1 6 ° C  a n d  1 3 0 ° C  ( d t l ° C )  a n d  
t h o s e  c o n t a i n i n g  4 . 7 k  P M M A  a t  t e m p e r a t u r e s  o f  1 1 4 ° C ,  1 1 6 ° C ,  1 2 4 ° C  a n d  1 3 5 ° C .
5 . 3  R e s u l t s  a n d  D i s c u s s i o n
5 . 3 . 1  M i s c i b i l i t y
A  t y p i c a l  set o f  diffu s i o n  profiles is s h o w n  in figure 5.1. T h e  d a t a  wa s '  o b t a i n e d  
b y  N R A  a t  t h e  U n i v e r s i t y  o f  S u r r e y  a c c o r d i n g  t o  t h e  m e t h o d  d e s c r i b e d  i n  c h a p t e r  
3. T h e  i n c i d e n t  b e a m  e n e r g y  u s e d  w a s  0 . 7 M e V  a t  a n  i n c i d e n t  a n g l e  o f  30°. T h i s  
e n a b l e s  a  d e p t h  o f  1 / m i  to  b e  p r ofiled w i t h  a  r e s o l u t i o n  o f  « 2 5 n m .  D u e  t o  t h e  h i g h  
t h e r m a l  sensitivity o f  P M M A ,  t h e  s a m p l e s  w e r e  b a c k  c o o l e d  w i t h  l i q u i d  n i t r o g e n  a n d  
t h e  b e a m  c u r r e n t  m a i n t a i n e d  a t  a  l o w  level ( « 2n A )  t o  m i n i m i s e  d a m a g e .  S p e c t r a  
w e r e  t y p i c a l l y  o b t a i n e d  i n  5  m i n u t e s .
A t  e q u i l i b r i u m  (after m a n y  h o u r s  o f  a n n e a l i n g )  t h e  profile is u n i f o r m  w i t h  t h e  rela­
tive c o n c e n t r a t i o n s  o f  d - P S  a n d  P M M A  d e p e n d e n t  o n l y  o n  t h e  relative t h i c k n e s s e s  
o f  t h e  t w o  initial layers i n  t h e  s a m p l e .  T h i s  i m p l i e s  t h a t  t h e  t w o  p o l y m e r s  a r e  p e r ­
fectly m i s c i b l e  in  all p r o p o r t i o n s  a n d  c o n s e q u e n t l y  t h a t  a n n e a l i n g  w a s  c a r r i e d  o u t  
a b o v e  T c . F o r  t h e  t w o  s a m p l e  t y p e s  s t u d i e d  here, Xspc w a s  c a l c u l a t e d  t o  b e  0 . 0 5 7  
a n d  0 . 0 4 6  for t h e  3 . 1 k  a n d  4 . 7 k  P M M A  s y s t e m s  respectively. A c c o r d i n g  t o  S t i i h n  
[141] a n d  K r e s s l e r  [144] t h e s e  v a l u e s  w o u l d  c o r r e s p o n d  to  critical t e m p e r a t u r e s  w e l l  
o v e r  2 0 0 ° C .  A n n e a l i n g  a r o u n d  1 0 0 ° C  w o u l d  t h e r e f o r e  b e  d e e p  in t h e  t w o  p h a s e  
r e g i o n  a n d  e q u i l i b r i u m  w o u l d  s h o w  a  s t e p  f u n c t i o n  w i t h  t h e  c o n c e n t r a t i o n s  a t  b o t h  
p l a t e a u x  d e t e r m i n e d  b y  t h e  b i n o d a l  [148]. A c c o r d i n g  t o  R u s s e l l  [139] a n d  C a l l a g h a n  
a n d  P a u l  [46], t h e s e  Xspc v a l u e s  i n d i c a t e  T cs we l l  b e l o w  — 1 0 0 ° C .  A n n e a l i n g  a r o u n d
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1 0 0 ° C  is t h e n  clearly i n  t h e  single p h a s e  r e g i o n ,  w h i c h  c o r r e s p o n d s  t o  o u r  o b s e r v a ­
tions. C o n s i s t e n c y  w i t h  C a l l a g h a n  a n d  P a u l ’s results is n o t  s u r p r i s i n g  s i n c e  b o t h  
e x p e r i m e n t s  w e r e  c a r r i e d  o u t  w i t h  m o n o d i p e r s e  h o m o p o l y m e r s  o f  s i m i l a r  m o l e c u l a r
( x  is e x t r a c t e d  f r o m  the i r  v a l u e  o f  A ,  t h e  i n t e r a c t i o n  e n e r g y  density.)
5 . 3 . 2  M u t u a l  D i f f u s i o n  C o e f f i c i e n t :  C o n c e n t r a t i o n  D e p e n ­
d e n c e
F i g u r e  5.1 s h o w s  t h a t  w i t h  t i m e ,  t h e  initial profile b r o a d e n s  w h i l s t  a  F i c k i a n  tail 
a p p e a r s  in  f r o n t  o f  t h e  m o v i n g  interface. T h e  tail p a r t  o f  t h e  diffu s i o n  profiles w e r e  
fitted u s i n g  t h e  s o l u t i o n  t o  F i e l d s  e q u a t i o n  a p p l y i n g  to a  t h i n  lay e r  ( t h i c k n e s s  h) o f  
s p e c i e  1 d i ffusing int o  a  s e m i - i n f i n i t e  l a y e r  o f  s p e c i e  2  [51]:
w i t h  w =  (4D t ) 1/>2 a n d  D c o n s t a n t .  S i m i l a r l y  to  t h e  R B S  d a t a  r e p o r t e d  i n  t h e  p r e v i -
e q u a t i o n  ( d i s c u s s e d  later) w e r e  also c o n v o l u t e d  w i t h  t h e  s a m e  G a u s s i a n  f u n c t i o n  b e ­
fore c o m p a r i s o n  w i t h  t h e  d a t a .  H e r e  e q u a t i o n  5.2 w a s  u s e d  w i t h  <fii — 1 a n d  / 2  =  0, 
a n d  letting li v a r y  a s  a  fitting p a r a m e t e r  to e x c l u d e  t h e  s w e l l i n g  effect. T h e  results 
i n d i c a t e  that, r e g a r d l e s s  o f  a n n e a l i n g  t i m e ,  t h e  tails o b s e r v e d  for e i t h e r  o f  t h e  t w o  
s y s t e m s  a t  a n y  specified t e m p e r a t u r e  c a n  b e  fitted a c c u r a t e l y  w i t h  t h e  s a m e  diffusion 
coefficient. T h e r e f o r e  t h e  d i f f u s i o n  coefficient d e s c r i b i n g  t h e  m o b i l i t i e s  o f  d - P S  a n d  
P M M A  a p p e a r s  to  b e  c o m p o s e d  o f  t w o  p a r t s  w h i c h ,  w i t h i n  e x p e r i m e n t a l  error, m a y  
b e  s e p a r a t e d  a n d  s t u d i e d  indivi d u a l l y .  O n e  p a r t  is h e a v i l y  c o n c e n t r a t i o n  d e p e n d e n t  
a n d  c a u s e s  t h e  d - P S  to s w e l l  a n d  t h e  o t h e r  is c o n c e n t r a t i o n  i n d e p e n d e n t  (at least 
t o  a  first a p p r o x i m a t i o n ) .  E a c h  p a r t  is d o m i n a n t  o v e r  a  s u b s t a n t i a l  c o n c e n t r a t i o n
w e i g h t s ,  p u r c h a s e d  f r o m  t h e  s a m e  s u p p l i e r .  W e  t h e r e f o r e  u s e  their v a l u e  o f  x  in 
s u b s e q u e n t  calculations.
(5.1)
+  <j>2 (5.2)
o u s  c h a p t e r ,  e q u a t i o n  5.2 w a s  f o l d e d  w i t h  a  G a u s s i a n  f u n c t i o n  {a =  2 5 0 A  u n d e r  this 
g e o m e t r y )  t o  t a k e  a c c o u n t  o f  t h e  s y s t e m  r e s olution. N u m e r i c a l  s o l u t i o n s  t o  F i e k ’s
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F i g u r e  5.1: T y p i c a l  set o f  d iffusion profiles s h o w i n g  t h e  s w e l l i n g  effect, t h e  F i c l d a n  
tail a n d  t h e  u n i f o r m ,  e q u i l i b r i u m  si t u a t i o n .  T h e s e  profiles w e r e  o b t a i n e d  f r o m  t h e  
3 . 1 k  P M M A  s y s t e m .
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ran g e . T h is  section  w i l l  c o n c e n tra te  on  th e  q u a lita t iv e  v a r ia tio n s  a n d  c o n c e n tra tio n  
d ependence o f th e  d iffus io n  coeffic ients w ith  th e ir  n u m e ric a l va lues b e in g  discussed  
in  th e  n e x t section .
T h e s e  observations  suggest th e  fo llo w in g  fu n c tio n a l fo rm  fo r th e  c o n c e n tra tio n  de­
pendence o f th e  d iffu s io n  coeffic ien t.
D f  —  D q fo r c f d - p s  <  <fc (5 .3 a )
D j  =  D 0 +  D a  (e x p [A (0  -  (f>c) }  -  1) fo r (j)d . P S  >  <f>c ( 5 .3 b)
w h ere  D a is th e  d iffu s io n  co effic ien t d e te rm in e d  above a n d  <pc is a  te m p e ra tu re  
d e p e n d e n t c r it ic a l c o n c e n tra tio n , m a rk in g  th e  b o u n d a ry  b e tw een  th e  tw o  p a rts  o f  
D .  T h e  values o f D A  an d  A  a re  c o n s ta n t a t  a ll  te m p e ra tu re s  fo r a  g iven  sys tem  and  
th e ir  s ign ificance w il l  be discussed la te r . T h e  d iffus io n  coeffic ien ts  fo r b o th  system s  
a t  th e  various  a n n e a lin g  te m p e ra tu re s  are  show n in  figures 5.2 a ) a n d  b ). A l l  th e  
d iffu s io n  coeffic ients excep t fo r th e  3 .1 k  P M M A  sam ples a n n ea led  a t  1 3 0 °C , w ere  
o b ta in e d  fro m  eq uatio n s  5 .3 a  a n d  5 .3 b . F o r th e  3 .1 k  P M M A  sam ples  an n ea led  a t  
1 3 0 °C  eq uatio n s  5 .3 a  a n d  5 .3 b  do  n o t a p p ly  because a t  th is  te m p e ra tu re  (f>c w o u ld  
be  s m a lle r th a n  0. T h e s e  sam ples w i l l  be  discussed la te r . U s in g  th e  m e th o d  o f fin ite  
differences [51] w ith  these d iffus io n  coeffic ients , n u m e ric a l so lu tion s  to  e q u a tio n  1.21  
w ere  o b ta in e d . T h e  re s u ltin g  p ro files  w ere c o m p ared  to  th e  d a ta  an d  exce llen t  
ag re e m e n t was o b ta in e d  fo r b o th  system s a t  a ll  te m p e ra tu re s  a n d  a n n e a lin g  tim es  
as show n in  figu re  5 .3 . T h is  fu n c tio n  was fu r th e r  tested  b y  m a k in g  b ilayers  w ith  a  
to p  la y e r h a v in g  an  in i t ia l  c o n c e n tra tio n  in  d -P S  o f (j)c a n d  a  b o t to m  layer o f  p ure  
P M M A ;  these pro files  w o u ld  th e n  be e xp ec ted  to  be F ic ld a n  in  fo rm , described  by  
a s ing le d iffu s io n  coeffic ien t. T h e  d iffu s io n  p ro files  o b ta in e d  a fte r  a n n e a lin g  w ere  
f i t te d  w ith  e q u a tio n  5 .2  (u s ing  <f>[ —  (j)c a n d  </>2 — 0) and  a re  show n in  figu re  5 .4 . 
F o r th e  4 .7 k  P M M A  system  a t  1 2 4 °C , th e  d iffus io n  coeffic ien t o b ta in e d  was 7 .1 3  • 
lO - ^ c n f f s -1  (average fro m  s ix  sam p les ), to  be co m p ared  w ith  7 .41  • lC f f^ c n ffs ” 1 
o b ta in e d  p rev io u s !}7 fro m  fits  to  th e  ta ils  o f th e  n o n -b le n d e d  b ilayers .
Another check of the constancy of the diffusion coefficient over the range of (j)d-ps
CHAPTER 5. INTERDIFFUSION OF PS AND PM M A 94
V o lu m e  f r a c t io n :  <j)d PS
V o lu m e  f r a c t io n :  <j)dPS
F ig u re  5 .2: D iffu s io n  coeffic ien t a g a in s t v o lu m e  fra c tio n , c a lc u la te d  fro m  eq uatio n s  
5 .3 a  an d  5 .3b  a n d  used to  o b ta in  th e  n u m e ric a l so lu tions  to  P ic k ’s e q u a tio n  a ) fo r  
th e  3 .1 k  P M M A  system  a t  96 , 105 , 116 a n d  1 3 0 °C  (fo r 1 3 0 °C  eq uatio n s  5 .3 a  an d  
5 .3 b  do n o t a p p ly ) a n d  b ) fo r th e  4.71c P M M A  s}7stem  a t  114 , 116, 124 an d  1 3 5 °C .
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F ig u re  5 .3: C o m p a ris o n  o f th e  n u m e ric a l so lu tions  to  th e  d a ta  o b ta in e d  w ith  th e  
3.11c P M M A  system  a t  1 0 5 °C  fro m  sam ples an nea led  fo r variou s  len g th s  o f tim e ;
a) u n a n n e a le d  sam p le , b ) 135 m in u te s , c) 540 m in u te s  a n d  d ) 96 0  m in u te s . T h e  
n u m b e r o f loops p e rfo rm e d  in  th e  p ro g ra m  c a lc u la tin g  th e  n u m e ric a l so lu tio n  is 
d ire c t ly  p ro p o rt io n a l to  th e  a n n e a lin g  t im e  o f th e  sam ples: 1 second =  3 .0 5  loops  
(5 4 0  m in u te s  =  9 8 6 8 0  lo ops).
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F ig u re  5 .4: D e p th  pro files  o b ta in e d  w ith  th e  4.71c P M M A  system  a t  1 2 4 °C  fro m  
sam ples m a d e  w ith  a to p  la y e r c o n ta in in g  a  vo lu m e  fra c tio n  (j) —  (pc =  0 .5 7  o f d -P S  
a n d  an n ea led  fo r various len g th s  o f t im e ; a ) u n an n ea led  sam p le , b ) 22 m in u te s , c)
2 10  m in u te s , d ) 570 m in u te s . T h e  so lid  lines  are  th e  best fits  to  th e  d a ta  o b ta in e d  
fro m  e q u a tio n  5 .2 , fro m  w h ic h  th e  d iffu s io n  coeffic ien t is c a lc u la te d .
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fro m  0 to  <pc was m a d e  by d e te rm in in g  th e  in te rd iffu s io n  co effic ien t over a  n a rro w  
ran g e  o f  c o n cen tra tio n s , us ing  d iffu s io n  couples w ith  s m a ll c o n c e n tra tio n  d ifferences. 
B ila y e rs  w ere m a d e  w ith  a  to p  la y e r c o n ta in in g  5 %  o f d -P S  an d  9 5 %  4 .7 k  P M M A ,  
p laced  o n  a  m a t r ix  la y e r o f  p u re  4 .7 k  P M M A  a n d  a n n ea led  a t  1 2 4 °C . F i t t in g  th e  
d e p th  p ro files  o b ta in e d  w ith  e q u a tio n  5 .2  (us ing  <px = 0 .0 5  a n d  (p2 — 0) gave a  
d iffu s io n  co effic ien t o f 3 .3 0  • 10“ 15cm 2s-1  fo r (pd-ps =  0 .0 2 5 . T o  d e te rm in e  th e  
d iffu s io n  co effic ien t a t  (pd-ps =  0 .5 , b ilayers  w ere m a d e  w ith  a  to p  la y e r o f  6 0 %  d -  
P S  a n d  4 0 %  4.71c P M M A  a n d  a  m a t r ix  la y e r o f 4 0 %  d -P S  a n d  6 0 %  4.71c P M M A .  H e re  
th e  d iffu s io n  co effic ien t was fo u n d  to  b e  8 .8 7  • 10 - 15cm 2s“ 1 fo r (pd-PS =  0 .5 ( <  (pc)• 
T hese  values are to  be c o m p ared  w ith  7 .1 3  • 10 - 15cm 2s“ 1 o b ta in e d  p rev io u s ly , w h ere  
th e  c o n s ta n t is th e re fo re  an  averaged va lu e  over th e  c o n c e n tra tio n  ran g e  b e lo w  (pc. 
T h e s e  resu lts  do n o t in v a lid a te  those p resen ted  p re v io u s ly  because th e  fa c to r  o f 3 
d ifference  fo u n d  in  D d~ps betw een  0 <  (pd-ps <  (pc over a  c o n c e n tra tio n  ran g e  o f  0 .5  
is in s ig n ific a n t co m p ared  to  th e  fa c to r  o f «  100 fo u n d  be tw een  (pc <  (pd-ps <  1 over 
th e  sam e c o n c e n tra tio n  ran g e . H o w ever these resu lts  w il l  h e lp  in  th e  co m p ariso n  o f  
th e  ‘s lo w ’ an d  ‘fa s t ’ theories  w ith  th e  m o d e l p resented  here.
T h e  e x te n t to  w h ic h  these o bservations  can  be accounted  fo r by e ith e r  th e  ‘fa s t ’ 
o r th e  ‘s lo w ’ th e o ry  is now  discussed. P ro m  th e  d iffus io n  coeffic ients d e te rm in e d  
e a rlie r  (a n d  presen ted  in  th e  n e x t s e c tio n ), i t  was fo u nd  th a t  D } _ P S  — D *P M M A  a t  
te m p e ra tu re s  o f 1 3 0 °C  a n d  1 8 1 °C  fo r th e  3.11c a n d  4.71c P M M A  system s, respec­
tiv e ly . T h is  was in d eed  observed fo r th e  3.11c P M M A  system , w h ere  i t  was also  
n o te d  th a t  o u r fu n c tio n  no lo nger a p p lie d  because (pc w o u ld  be s m a lle r th a n  0. In  
a  system  in  w h ic h  th e  tra c e r  d iffus io n  coeffic ients o f b o th  co m p on en ts  (1 an d  2) 
are in d e p e n d e n t o f c o n c e n tra tio n , an d  a t  a  te m p e ra tu re  w h ere  D f  —  D % , th e  ‘fa s t ’ 
an d  ‘s lo w ’ th e o ry  p re d ic tio n s  are  id e n tic a l an d  are v e ry  close to  s im p le  F ic lc ian  d if ­
fusion  (fo r m o d e ra te  x ) -  F ig u re  5 .5  shows pro files  o b ta in e d  fro m  th e  3.11c P M M A  
system  a n n ea led  a t  1 3 0 °C  fo r variou s  leng ths  o f t im e . T h e  so lid  lines represen t 
‘fa s t ’/ ‘s low ’ th e o ry  n u m e ric a l so lu tion s  to  e q u a tio n  1.21 an d  th e  dashed lines are  
F ic lc ian  fits  to  th e  d a ta  (u s in g  e q u a tio n  5 .2  w ith  (p i =  1 a n d  <p2 —  0 ). E x c e l­
le n t ag reem en t is observed fo r a ll th re e  d iffus io n  m odes w ith  a  d iffus io n  coeffic ien t
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D d -p s  — D PMMA — Mutual =  6 • 1 0 “ 13c m 2s- 1 . T h is  resu lt suggests (b u t  does n o t  
prove) th a t  th e  tra c e r  d iffu s io n  coeffic ien ts  o f b o th  co m p on en ts  in  th is  system  are  
in d e p e n d e n t o f c o n c e n tra tio n . T h is  s h a ll b e  assum ed to  be th e  case fo r th e  fo llo w in g  
discussion. T h is  as s u m p tio n  is th o u g h t to  be v a lid  p ro v id e d  th e  T g o f th e  b len d  
does n o t v a ry  g re a tly  w ith  c o m p o s itio n  [76, 77] (as is th e  case here) a n d  has been  
v e rifie d  e x p e r im e n ta lly  in  a  b le n d  o f u n e n ta n g le d  P E O  an d  P P O  [149].
A ssu m in g  a lin e a r  c o n c e n tra tio n  depen d en ce  o f D ^ - p s  b e tw een  =  0 an d  (f> —  4>C} 
figu re  5 .6  shows D j  ag a in s t as w e ll as th e  ‘s lo w ’ a n d  ‘fa s t’ th e o ry  p re d ic tio n s
d e te rm in e d  fro m  eq uatio n s  2 .22  a n d  2 .3 2 . F o r these p re d ic tio n s  D d _ P S  was th e  
m easured  va lu e  an d  D P M M A  th e  c a lc u la te d  va lu e  using  e q u a tio n s  5 .3 a  a n d  5 .3 b . 
X  was c a lc u la te d  fro m  e q u a tio n  5 .1 . C le a ry  fo r th is  system  th e  ‘fa s t’ th e o ry  does  
n o t ap p ly . T h e  ‘s low ’ th e o ry  h ow ever, shows v e ry  good  ag reem en t b e lo w  (j>c b u t  
serious d e v ia tio n s  above 4>c . A llo w in g  x  to  v a ry  w ith in  th e  lim its  o f th e  values  
p u b lish ed  in  references [4 6 ,1 3 3 -1 4 3 ] has l i t t le  e ffect on th e  shape o f  these curves. 
F ig u re  5 .7  shows a c o n c e n tra tio n  p ro file  c o m p ared  w ith  n u m e ric a l so lu tion s  using  
‘s lo w ’ an d  ‘fa s t ’ theories  as w e ll as eq u a tio n s  5 .3 a  a n d  5 .3b . A s  e xp ec ted  fro m  figu re  
5 .6 , th e  ‘fa s t’ th e o ry  shows v e ry  p o o r ag re e m e n t w ith  th e  d a ta . A g re e m e n t can  be  
im p ro v e d  by red u c in g  th e  va lu e  o f  D P M M A  used in  the  ‘fa s t’ th eo ry . H ow ever, th e  
p ro files  thus  o b ta in e d  c le a r ly  show th a t  th e  d iffus io n  coeffic ien t is to o  s m a ll a t  h ig h  
co ncen tra tio n s  an d  to o  la rg e  a t  lo w er co n cen tra tio n s . T h e  ‘s lo w ’ th eo ry , a lth o u g h  
show ing  reasonable  ag reem en t, neverthe less  presents s ig n ific a n t d e v ia tio n s  fro m  th e  
d a ta ; a lte r in g  D P M M A  has v e ry  l i t t le  e ffect on  th e  ‘s low ’ th e o ry  n u m e ric a l so lu tions . 
I t  is exp ected  th a t  a t  lo n g er a n n e a lin g  tim e s , ag reem en t betw een  th e  ‘s low ’ th e o ry  
a n d  th e  d a ta  w i l l  increase, due to  th e  o v e ra ll d ro p  in  c o n c e n tra tio n  an d  consequent 
convergence o f d iffu s io n  coeffic ients.
T h u s  i t  is c lear th a t  th e  resu lts  c a n n o t b e  accounted  fo r b}7 e ith e r  th e  ‘s low ’ th e o ry  
or th e  ‘fa s t ’ th e o iy . B e lo w  a  c r it ic a l c o n c e n tra tio n  (pc th e  in te rd iffu s io n  coeffic ien t 
varies  ra th e r  s low ly; th e re  is th e re fo re  a  ran g e  o f co ncen tra tio n s  over w h ic h  th e  in te r -  
d iffu s io n  coeffic ien t is d o m in a te d  by th e  slow est d iffus in g  c o m p o n e n t, as p re d ic te d
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D e p t h  ( p m )
F ig u re  5 .5 : D e p th  pro files  o b ta in e d  w ith  th e  3.11c P M M A  system  a t 1 3 0 °C  fro m  
sam ples a n n ea led  fo r various  len g th s  o f tim e ; a) u n a n n e a le d  sam p le , b ) 6 m in u te s , 
c) 10 m in u te s , d ) 15 m in u te s . T h e  dashed  lines a re  th e  n u m e ric a l so lu tion s  o b ta in e d  
fro m  th e  ‘ fa s t’/ ‘s lo w ’ m odes using  D d_ PS =  D PMMA an d  th e  so lid  lines are  best fits  
to  th e  d a ta  using  a  s im p le  F ic ld a n  m o d e l.
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V o l u m e  f r a c t io n :  <t>d.ps
F ig u re  5.6: P lo t  o f th e  d iffus io n  coeffic ien ts  p re d ic te d  b y  th e  ‘s lo w ’ an d  ‘fa s t’ theories  
a n d  c a lc u la te d  fro m  m y  fu n c tio n . T h e  tra c e r  d iffus ion  coeffic ients (a t  (f) —  0 a n d
1) w ere m easured  (fo r  D ^ _ P S ) an d  c a lc u la te d  using  eq ua tio n s  5 .3 a  a n d  5 .3 b  (fo r  
D p m m a )■ T h e  curves are  fo r th e  4 .7 k  P M M A  system  a t  1 2 4 °C  a n d  th e  p lo tte d  
p o in ts  are th e  coeffic ients m easu red  a t  <j> =  0 .025  an d  0 .5 . T h e  d is c o n tin u ity  in  o u r  
fu n c tio n  m arks  th e  lo c a tio n  o f 0 C.
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D e p t h  ( p m )
F ig u re  5 .7: C o m p a ris o n  o f th e  d a ta  w ith  th e  n u m e ric a l so lu tions  using  th e  ‘s lo w ’ an d  
‘fa s t ’ theories  a n d  eq uatio n s  5 .3 a  an d  5 .3 b . T h e  d a ta  show n here was o b ta in e d  fro m  
th e  4 .7 k  P M M A  system  an n ea led  fo r 20 m in u te s  a t  1 2 4 °C . T h e  n u m b e r o f  loops  
p e rfo rm e d  in  th e  th e  p ro g ra m  c a lc u la tin g  each n u m e ric a l so lu tio n  is: 20 m in u te s  =  
3655  loops.
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b y  th e  ‘s low ’ theory . H ow ever, above th is  c r it ic a l c o n c e n tra tio n  th e  in te rd iffu s io n  
coeffic ien t ra p id ly  rises to w ard s  th e  ‘fa s t ’ th e o ry  l im i t .  A t te n t io n  is n o w  d ra w n  to  
th e  p hys ica l s ign ificance w h ic h  can  be a tta c h e d  to  th e  p a ra m e te rs  in  equatio n s  5 .3 a  
an d  5 .3b .
I t  was m e n tio n e d  e a rlie r  th a t  b o th  D A  a n d  A  w ere  constants  a t  a l l  te m p e ra tu re s  
fo r a  g iven  system . D A  appears  to  be p ro p o r t io n a l to  th e  P M M A  m o le c u la r w e ig h t. 
T h e re  seems to  be a  c o rre la tio n  b e tw een  th e  m a g n itu d e  o f A  a n d  th e  d ifference in  
glass tra n s it io n  te m p e ra tu re s  b e tw een  th e  tw o  p o lym ers ; fo r th e  4 .7 k  P M M A  system , 
th e  d ifference in  glass tra n s it io n  te m p e ra tu re s  is 11° C , an d  th e  v a lu e  o f A  is a b o u t  
te n  tim es  g re a te r th a n  in  th e  o th e r sys tem , w h ere  th e  d ifference  in  glass tra n s it io n  
te m p e ra tu re  is 1°C .
F in a lly , th e  values o f 0 C are show n in  fig u re  5 .8 , w h ere  th e  e rrors  a re  es tim ates  
d e te rm in e d  b y  th e  closeness o f th e  n u m e ric a l so lu tions  to  th e  d a ta . (j)c is seen to  
v a ry  lin e a r ly  w ith  te m p e ra tu re , b u t  th e  v a r ia t io n  depends on  th e  m o le c u la r w e ig h t 
o f th e  P M M A .  T h e  best s tra ig h t lin e  regression  fits  to  b o th  sets o f  d a ta  in te rsec t a t  
T  — 8 5 °C  a n d  <pc =  0 .95 . T h is  in d ic a te s  t h a t  as a n n e a lin g  te m p e ra tu re  is decreased, 
0 C w i l l  te n d  to  1 an d , acco rd in g  to  e q u a tio n s  5 .3 a  an d  5 .3 b , D f  w i l l  te n d  to  D 0 —  
D s i o w  F ig u re  5 .8  seems to  in d ic a te  th a t  a t  te m p e ra tu re s  b e lo w  8 5 °C  ( «  1 0 °C  above  
T g) the  ‘s low ’ th e o ry  w o u ld  ap p ly . A n n e a lin g  a t  h ig h er te m p e ra tu re s , w h ere  0 C =  0, 
w o u ld  th e n  be d o m in a te d  b y  th e  e x p o n e n tia l te rm  o f e q u a tio n  5 .3 b . I t  is th e n  
conceivab le  th a t  a t  h ig h  enough  te m p e ra tu re s  th e  in te rd iffu s io n  w o u ld  fo llo w  th e  
‘fa s t ’ th e o ry  p red ic tio ns .
V e r i f i c a t i o n  o f  M o d e l  P r e d ic t i o n s
T h e  p re d ic tio n s  based on th e  p rev io u s  resu lts  have been tes ted . In  o rd er to  do so 
a  low er m o le c u la r w e ig h t P M M A  was used (2 9 0 0 g m o T 1 as d escribed  in  ta b le  5 .1 ) 
b u t th e  d -P S  re m a in e d  th e  sam e. T h e  advantages  o f using  a lo w er m o le c u la r w e ig h t 
p o ly m e r were:
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A n n e a l i n g  t e m p e r a t u r e  ( ° C )
F ig u re  5.8: P lo t  o f  th e  c r it ic a l c o n c e n tra tio n  <f>c ag a in s t te m p e ra tu re  w ith  best 
s tra ig h t lin e  regression fits  to  th e  d a ta . T h e  lines a re  seen to  in te rsec t a t  T  =  8 5 °C  
b e lo w  w h ic h  th e  ‘s lo w ’ th e o ry  is exp ec ted  to  d o m in a te .
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•  T h e  cross-over betw een  ‘fa s t ’ a n d  ‘s lo w ’ theories  co u ld  be exp ected  to  occur  
over a s m a lle r te m p e ra tu re  ran g e  (f ig u re  5 .8 ) . T h e  ‘fa s t’ th e o ry  w o u ld  th e n  b e  
observed a t  a  fa ir ly  lo w  te m p e ra tu re  a t  w h ic h  d iffu s io n  is s t i l l  s low  enough to  
enable  th e  a c cu ra te  m e a s u re m e n t o f a n n e a lin g  tim es .
•  T h e  d iffus io n  coeffic ients a t  8 5 °C , w h ere  d iffu s io n  is e x tre m e ly  slow, w o u ld  be  
h ig h er an d  consequently  reduce  th e  re q u ire d  a n n e a lin g  tim e s .
Sets o f  sam ples m a d e  fro m  these tw o  p o ly m e rs  w ere an n ea led  a t  9 6 °C  an d  1 0 5 °C . 
T h e  d iffus io n  p ro files  o b ta in e d  a t  b o th  te m p e ra tu re s  w ere fo u n d  to  be a c c u ra te ly  
described  using  th e  d iffu s io n  coeffic ien t fro m  fu n c tio n s  5 .3 a  a n d  5 .3 b , w ith  c r it ic a l  
co ncen tra tio n s  o f  0 .61  an d  0 .3 2  resp ective ly . T hese  values in d ic a te  th a t  th e  ‘s lo w ’ 
th eo ry , as w ith  th e  o th e r m o le c u la r w eights , sh ou ld  be observed be lo w  8 5 °C  an d  
th a t  th e  ‘fa s t’ th e o ry  sh ou ld  b e  seen above 1 1 5 °C .
F ig u re  5 .9  shows a  series o f s p e c tra  o b ta in e d  a fte r  a n n e a lin g  a t  8 5 °C . T h e }7 are  
c o m p a re d  to  n u m e ric a l so lu tion s  to  F ic k ’s e q u a tio n  o b ta in e d  us ing  b o th  th e  ‘s lo w ’ 
a n d  th e  ‘fa s t’ th e o ry  c o n c e n tra tio n  dependencies o f th e  d iffu s io n  coeffic ien t. A s  p re ­
d ic te d  b y  th e  resu lts  p resen ted  above, th e  ‘s lo w ’ th e o ry  n u m e ric a l so lu tions  p ro v id e  
an  a ccu ra te  d e s c rip tio n  o f these p ro files . T o  m y  k n o w le d g e  t h is  s e t o f  r e s u l t s  
r e p r e s e n ts  o n ly  t h e  s e c o n d  p ie c e  o f  e x p e r im e n t a l  e v id e n c e  s u p p o r t in g  
‘s lo w ’ t h e o r y  d i f f u s io n .  T h e  firs t s u p p o rtin g  resu lts  w ere o b ta in e d  a  decade ago 
b y  B re re to n  e t  a l .  [150] in  a  b lend  o f u n e n ta n g le d  p o ly m e rs . T h e s e  resu lts  also 
e x p la in  w h y  m o re  s u p p o rtin g  ev idence does n o t ex is t. ‘S lo w ’ m o d e  d iffus io n  has 
o n ly  been  observed here  by a n n e a lin g  v e ry  lo w  m o le c u la r w e ig h t p o ly m e rs  a t  v e ry  
lo w  te m p e ra tu re s  a  few  degrees above T g. A l l  e x p e rim e n ta l d a ta  (s u p p o rtin g  th e  
‘fa s t ’ th e o ry ) [78-83] has been  o b ta in e d  w ith  p o ly m e rs  o f  h ig h e r m o le c u la r w eights  
(severa l th o usan d  g m o l- 1 ) a t  m uch  h ig h e r te m p e ra tu re s  ( >  T g +  5 0 ).
F ig u re  5 .10  shows th e  c o n c e n tra tio n  p ro files  o b ta in e d  w ith  th e  sam e p o lym ers  a t  
1 1 8 °C . In  th is  case, as p re d ic te d  above, i t  is th e  ‘ fa s t’ th e o ry  th a t  provides th e  
m o st a ccu ra te  n u m e ric a l so lu tions . H ow ever, a t  th is  te m p e ra tu re  the  d ifference
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D e p t h  ( |x m )
F ig u re  5 .9: C o m p a ris o n  o f  th e  n u m e ric a l so lu tions o b ta in e d  us ing  th e  ‘fa s t’ (so lid  
lines) an d  ‘s lo w ’ (dashed  lin es ) theories , w ith  th e  d a ta  recorded  w ith  th e  2 .9 k  P M M A  
system  a t 8 5 °C , fro m  sam ples a n n ea led  fo r various leng ths  o f t im e ; a ) u n a n n e a le d , 
b ) 7 days, c) 29  days an d  d ) 81 days.
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betw een  th e  ‘fa s t’ and  ‘s lo w ’ theories  is fa ir ly  s m a ll. T h is  is due to  th e  d iffe re n t  
te m p e ra tu re  dependencies o f th e  tra c e r  d iffu s io n  coeffic ients o f  P S  a n d  P M M A .  A t  
lo w  te m p e ra tu re s  { e g  8 5 °C ) D p m m a  ~  300  • D d - p s  w hereas a t  h ig h e r te m p e ra tu re s  
(e g  1 1 8 °C ) D p m m a  ~  10 • D d„ P S . T h e  ‘fa s t ’ an d  ‘s lo w ’ th e o ry  p re d ic tio n s  th e re fo re  
becom e in c reas in g ly  s im ila r  u n t i l  th e y  becom e id e n tic a l w h e n  D PMma —  D d-ps as 
w as show n p re v io u s ly  w ith  th e  3.11c P M M A  a t  1 3 0 °C . T h e  c o n c e n tra tio n  dependence  
o f th e  m u tu a l d iffus io n  co effic ien t as a  fu n c tio n  o f te m p e ra tu re , show ing  th e  g ra d u a l 
change fro m  ‘s low ’ to  ‘fa s t’ m o d e  d iffu s io n  w ith  in c reas in g  te m p e ra tu re  is show n  
in  fig u re  5 .11  fo r th e  2.91c P M M A  system . T h e  c o n c e n tra tio n  dependence a t  th e  
in te rm e d ia te  te m p e ra tu re s  is fo u n d  us ing  e q u a tio n s  5 .3 a  a n d  5 .3b .
T h ese  resu lts  suggest th a t  th e  ‘s lo w ’ an d  ‘fa s t ’ theories  describe  l im it in g  cases a p ­
p lic a b le  a t  d iffe re n t te m p e ra tu re s . B e tw een  these tw o  lim its  th e  m u tu a l d iffus io n  
co effic ien t is described  b y  th e  fu n c tio n  o u tlin e d  above, w h ic h  describes th e  tra n s i­
t io n  fro m  one th e o iy  to  th e  o th e r. T h ese  find ing s  are  in  q u a lita t iv e  ag reem en t w ith  
th e  th e o ry  o f  Alccasu e t  a l .  [89] (o u tlin e d  in  c h a p te r 2) w h o  b y  d e fin in g  vacancies  
as th e  th ir d  co m p o n e n t in  a  m ix tu re  o f  A  and  B  p o ly m e rs  w h ils t an atys in g  th e  
tw o  e x p o n e n tia l decay m odes in  d y n a m ic  s c a tte r in g  fro m  te rn a ry  p o ly m e r so lu tions , 
concluded  th a t  th e  ‘s lo w ’ th e o ry  was o b ta in e d  w h en  the  vacancies w ere rem oved  ( i e  
b e lo w  T g) an d  th e  ‘fa s t’ th e o ry  o b ta in e d  in  th e  l im i t  o f h ig h  vacan cy  c o n c e n tra tio n  
( i e  above T g) .  H e re  w e fin d  th a t  th e  change over b etw een  ‘fa s t ’ and  ‘s lo w ’ theories  
occurs g ra d u a lly  over a  te m p e ra tu re  ran g e  w h ic h  depends o n  th e  p o ly m e r m o le c u la r  
w eights  (b e tw een  20 a n d  1 0 0 °C  fo r th e  p o ly m e rs  used in  th is  w o rk ) and  begins 10°C  
above T g. These  resu lts  are in  c o n tra d ic tio n  to  th e  re la tio n s h ip  re c e n tly  deve lo p ed  
by B re re to n  [91] (see c h a p te r 2 ) ,  w h ic h  p re d ic ts  ‘fa s t ’ th e o iy  d iffus io n  as a l im i t  a t  
lo w  te m p e ra tu re s  and  ‘s low ’ th e o ry  d iffu s io n  a t  h ig h e r te m p e ra tu re s .
5 . 3 . 3  D i f f u s i o n  C o e f f i c i e n t s
T h e  tra c e r d iffus io n  coeffic ients o f th e  d -P S  an d  P M M A  fo r a ll P M M A  m o le c u la r  
w eights  an d  a t  a ll a n n e a lin g .te m p e ra tu re s , are  show n in  ta b le  5 .2 . T h e  values w ere
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D e p t h  ( j im )
F ig u re  5 .10: C o m p a ris o n  o f  th e  n u m e ric a l so lu tions  o b ta in e d  using  th e  ‘fa s t ’ (so lid  
lines) an d  ‘s lo w ’ (dashed  lin es ) th eo ries , w ith  th e  d a ta  recorded  w ith  th e  2 .9 k  P M M A  
system  a t  1 1 8 °C , fro m  sam ples an n e a le d  fo r various  len g th s  o f tim e ; a ) u n a n n e a le d ,
b ) 4  m in u te s , e) 20 m in u te s  an d  d ) 40  m in u tes .
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V o l u m e  F r a c t i o n :  <)>d-PS
F ig u re  5 .11: C o n c e n tra t io n  dependence o f th e  m u tu a l d iffu s io n  coeffic ien t used to  
o b ta in  n u m e ric a l so lu tions  a c c u ra te ly  d escrib in g  th e  d a ta , as a  fu n c tio n  o f te m p e ra ­
tu re  fo r th e  2 .9 k  P M M A  system . T h e  g ra p h  c le a r ly  shows th e  g ra d u a l change fro m  
‘s lo w ’ to  ‘fa s t’ th e o ry  w ith  in creas in g  te m p e ra tu re .
D a  has values o f 9 - 10 ~ 15 c u ffs - 1 , 6 • 1 0 ” 15 cn ffs -1  an d  5 • 1 0 -15 c n ffs -1  fo r th e  4.71c, 
3.11c a n d  2.91c P M M A  system s respective ly . T h e  co rresp o nd ing  values fo r  A  are  11, 
1 a n d  2 resp ective ly .
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S ystem T ( ° C ) £ J _ P s (c m 2s 9 D p m m a (.C U ]2 s  r i
2 .9 k  P M M A 85 7 .9  • 10~ 18 1.4  • 10 " 15
96 1 .8 - 10~16 5.2 • 10-15
105 2 .7 -  1 0 " 15 1.8 • 1 0 " 14
118 2 .5  • 1 0 -14 2.6 • 10 ~ 13
126 1.5 • 10 -13 6.0 • 10-13
134 1.2 • 10~12 1.2 * 10-12
144 3 .6  • 10 ~ 12 4 .2  • 1 0 ~ 12
150 8 .4  • 10 -12 1.1  • 10~ n
3.11c P M M A 96 1.9  • 10 -16 1.9  • 10 -14
105 1.9  • 1 0 -15 3 .8  • 1 0 ~ 14
116 1.9 • 10 -14 8.1 • 1 0 " 14
130 6.0 ■ 10-13 6.0 • 10 “ 13
4.71c P M M A 114 5.1 • 1 0 “ 16 3 .5  • 10 " 13
116 1 .7  • 10” 15 4 .7  • 10 ~ 13
124 7 .4  • 10 ~ 15 9 .6  • 1 0 -13
135 9 .8  • 10 -14 3 .8  • 1 0 " 12
T a b le  5 .2 : T ra c e r d iffu s io n  coeffic ients fo r a ll p o ly m e r system s a t  a ll  te m p e ra tu re s .
o b ta in e d  in  a  v a r ie ty  o f ways: f i t t in g  th e  ta i l  o f th e  c o n c e n tra tio n  pro files  as described  
in  th e  p rev ious section , c a lc u la tin g  th e  values us ing  eq uatio n s  5 .3 a  a n d  5 .3 b  a n d  
b y  o b ta in in g  n u m e ric a l so lu tion s  to  F iclc ’s e q u a tio n  w h ic h  a c c u ra te ly  describe  th e  
d iffu s io n  profiles . E a c h  v a lu e  p resen ted  in  th e  ta b le  is an average o b ta in e d  fro m  a 
m in im u m  o f s ix  d iffe re n t sam ples a n n ea led  fo r v a ry in g  len g th s  o f  t im e . N o n e  o f  th e  
coeffic ients showed a  la rg e  s c a tte r a ro u n d  th e  m e a n  va lu e  w h ich  w as c a lc u la te d  using  
th e  fo llo w in g  e q u a tio n  on th e  assu m p tio n  th a t  a ll m easurem ents  w ere in d e p e n d e n t:
;c±Aa; = ^ E a;i± ^ - \ / E Aa;i (5-4)
/ n
n  f—f n  . .i— 1 r— 1
w h ere  n  >  6 . In  a il  cases A x  was fo u nd  to  be less th a n  2 5 %  o f  x  w h ic h  represents  
a v e ry  s m a ll e rro r on  values s p a n n in g  over six  orders o f m a g n itu d e .
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T h e  d iffus io n  coefficients o b ta in e d  fro m  th e  fits  are  show n in  ta b le  5 .2 . T h e s e  coeffi­
c ients have a s tron g  te m p e ra tu re  d ependence a n d  so we re w r ite  th e  W ill ia m s -L a n d e l-  
F e rry  ( W L F )  e q u a tio n  [11] re la t in g  th e  d iffu s io n  coeffic ients o f p o ly m e r chains a t  
d iffe re n t te m p e ra tu re s :
w h ere  D T  a n d  D Tq are th e  d iffu s io n  coeffic ients a t  te m p e ra tu re s  T  a n d  T 0 (som e  
a r b it r a r y  reference te m p e ra tu re ) resp ec tive ly ; c° is a co n s ta n t d e p e n d e n t on  th e  
m o n o m e ric  fr ic tio n  coeffic ien t a n d  T ^  is th e  V og e l te m p e ra tu re . T ^  is u s u a lly  con­
s ta n t fo r a  g iven  p o ly m e r, b u t fo r lo w  m o le c u la r w e ig h t p o fym ers  T g has a  sh arp  
te m p e ra tu re  dependence an d  Too m u s t v a iy  acco rd in g ly  [98]. F ig u re  5 .1 2  shows p lo ts  
o f ln ( D T T g/ T )  ag a in s t ( T  — T g) / ( T  — Too) fo r a ll sj^stems w ith  Too =  T g — 8 0 °C  fo r  
P M M A  a n d  Too =  T g — 5 0 °C  fo r  P S  [11]. H ere  th e  reference  te m p e ra tu re  To  has  
been  chosen to  be T g an d  D t 0 has been  rem oved  fro m  th e  p lo t and  th e re fo re  re p re ­
sents th e  va lu e  a t th e  y -in te rc e p t. A s e x p ec ted , th e  d -P S  tra c e r d iffu s io n  coeffic ients  
co llapse on to  a  s ingle lin e  w ith  a  slope c? =  3 9 .3  ( c / 3 4  [11 ]). T h e  P M M A  d iffu ­
sion  coeffic ients, on th e  o th e r h a n d , do n o t fo rm  e ith e r  a sing le lin e  o r a  s tra ig h t  
lin e . T h is  co u ld  e ith e r  be due to  th e  use o f an  erroneous v a lu e  o f T ^  o r to  th e  fa c t  
th a t  th e  te m p e ra tu re  ran g e  o f  th e  e x p e rim e n ts  is to o  la rg e  and  th a t  an  A rrh e n iu s  
te m p e ra tu re  dependence shou ld  be e xp ec ted .
T h e  A rrh e n iu s  p lo ts  o f th e  tra c e r d iffu s io n  coefficients show n in  figu re  5 .1 3 , show  
th a t  s tra ig h t lines are  o b ta in e d  fo r b o th  p o ly m e rs . For each p o ly m e r  ty p e  (P S  o r  
P M M A )  th e  lines corresp o nd ing  to  th e  d iffe re n t P M M A  m o le c u la r w eights  used in  
th e  sam ples a ll have th e  sam e s lope w ith in  e x p e rim e n ta l e rro r . T h e  a c tiv a tio n  en ergy  
is fo u n d  to  be A H d_ PS =  2 8 5 k J m o l” 1 fo r th e  d -P S  and  A H Pm m a  =  1 4 7 k J m o l-1  fo r  
th e  P M M A .
A c c o rd in g  to  th e  R ouse m o d e l fo r d iffu s io n , th e  d iffus io n  coeffic ients fo r u n e n ta n g le d  
p o ly m e rs  shou ld  be in verse ly  p ro p o r t io n a l to  th e  p o ly m e r m o le c u la r w eights  a t  any  
g iven  te m p e ra tu re . In  p rac tice , due to  th e  increased  free v o lu m e  presen t in  u n e n ta n ­
g led  p o ly m e rs , th e  co m p ariso n  shou ld  be m ad e  a t  co n s ta n t T  — T g. T h e  d iffus io n
(5 .5 )
ln 
(D
XT
/D
 
In 
(D
tT
/T
)
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(T'Tg) / (T-T J
(T-Tg)/(T-TJ
F ig u re  5 .12: T ra c e r  d iffu s io n  coeffic ien ts  p lo tte d  accord ing  to  th e  W L F  e q u a tio n  a ) 
fo r D d_ p s  w ith  th e  best s tra ig h t lin e  f i t  to  th e  d a ta  and b ) fo r D P M M A  w h ere  th e  
so lid  lines serve as a  gu ide  fo r th e  e y e .
In 
(D
) 
ln 
(D
)
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1 / T  ( x l O 3 K ' 1)
1 / T  ( x l O 3 K ' 1)
F ig u re  5 .13 : T ra c e r  d iffus io n  coeffic ients p lo tte d  acco rd in g  to  th e  A rrh e n iu s  e q u a tio n  
a) fo r D d_ P S  an d  b ) fo r D P M M A . In  b o th  cases th e  d a ta  is p lo tte d  a lo n g  w ith  th e  
b est s tra ig h t lin e  fits .
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coeffic ients re p o rte d  here  do n o t scale acco rd in g  to  th is  m o d e l. T h is  is th o u g h t  
to  be due th e  s m a ll n u m b e r o f m o le c u la r  w eights  used in  th is  s tu d y , a ll  b e in g  o f  
s im ila r  m a g n itu d e . P lo ts  o f D d_ps a g a in s t M w(Pmma) (show n in  fig u re  5 .1 4 ) , w h ere  
M w(pmma) has a  v e ry  s m a ll ra n g e , a re  h e a v ily  a ffected  by th e  s m a ll e x p e r im e n ta l 
errors  on  each m easu red  d iffu s io n  co effic ien t. T h ese  s ig n if ic a n tly  a lte r  th e  s lope o f  
th e  b est s tra ig h t lin e  f i t  m o v in g  i t  aw a y  fro m  th e  Rouse p re d ic tio n s . H o w ever, fig ­
u re  5 .1 4  does show th a t  d a ta  fo llo w  th e  R ouse m o d e l (so lid  lines o f  s lope -1 )  m o re  
a c c u ra te ly  th a n  th e y  do th e  re p ta t io n  m o d e l (dashed  lin e  o f s lope - 2 ) .
5 . 4  S u m m a r y
T h e  in te rd iffu s io n  o f d e u te ra te d  p o fy s ty re n e  (d -P S ) a n d  p o ly (m e th y l m e th a c ry la te )  
( P M M A )  o f m o le c u la r w e ig hts  lo w  enough  to  en ab le  to ta l  m is c ib ility , was s tu d ie d  
a t  te m p e ra tu re s  s lig h tly  above th e  glass tra n s itio n s  o f b o th  co m p on en ts . F ro m  
d iffus io n  pro files  o b ta in e d  by N u c le a r  R e a c tio n  A n a lys is  a  fu n c tio n  was d e riv e d  
w h ic h  a c c u ra te ly  describes th e  observed  c o n c e n tra tio n  dependence o f th e  m u tu a l  
d iffu s io n  coeffic ien t. T h is  fu n c tio n  w as co m p ared  to  the  p re d ic tio n s  o f th e  ‘s lo w ’ 
a n d  ‘fa s t ’ th eo ries  o f d iffu s io n  a n d  was fo u n d  to  describe a  te m p e ra tu re  tra n s it io n  
reg io n  b e tw een  th e  tw o  th eo ries . T h e  ‘s lo w ’ a n d  ‘fa s t ’ theories  w ere  seen to  rep resen t 
l im it in g  cases fo r th e  d iffu s io n , o c c u rin g  resp ec tive ly  a t  lo w  a n d  h ig h  a n n e a lin g  
te m p e ra tu re s . D iffu s io n  pro files  a c c u ra te ly  described  b y  b o th  th eo ries  w ere th e n  
o b ta in e d  fro m  th e  sam e e x p e r im e n ta l sj^stem an nealed  a t  d iffe re n t te m p e ra tu re s .
T ra c e r  d iffu s io n  coeffic ients o f b o th  p o ly m e rs  w ere seen to  v a ry  w ith  te m p e ra tu re  
acco rd in g  to  th e  A rrh e n iu s  e q u a tio n , b u t  o n ly  th e  d -P S  coeffic ien ts  w o u ld  scale ac­
co rd in g  to  th e  W L F  e q u a tio n . T h e  R ouse th e o ry  was n o t v e rifie d  and  th is  was  
th o u g h t to  be due  to  th e  n a rro w  ran g e  o f p o ly m e r  m o le c u la r w e ig h ts  s tu d ie d , p ro ­
v id in g  in s u ffic ien t d a ta  fo r an  a c c u ra te  co m p ariso n .
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1000 10000 
M o l e c u l a r  W e i g h t :  M w(pmma)
F ig u re  5 .14: T ra c e r d iffus io n  coeffic ients ( D d - p s )  versus P M M A  m o le c u la r w e ig h t a t  
T  — T g =  30  an d  5 0 °C . B o th  sets o f  d a ta  a re  c o m p ared  to  th e  R ouse th e o ry  (so lid  
lines o f slope - 1 ) w h ich  are  seen to  be m o re  accu ra te  th a n  th e  re p ta t io n  th e o ry  
p re d ic tio n s  (dashed  lin e  o f  slope - 2 ).
C h a p t e r  6
I n t e r d i f f u s i o n  o f  d - P M M A  a n d  
P M M A
6.1 I n t r o d u c t i o n
I t  has been  show n in  th e  p rev io u s  ch ap ters  th a t  p o ly m e r d iffu s io n  has been e x te n ­
s ive ly  s tu d ie d  fo r m a n y  years  b y  va rio u s  techn iques in  o rd er to  b o th  u n d e rs ta n d  th e  
th e o re tic a l aspects govern in g  th e  process a n d  to  p ro v id e  q u a n t ita t iv e  d a ta  fo r  p ra c ­
t ic a l use [15]. T h e o re t ic a l aspects in c lu d e  b o th  th e  m e th o d s  o f  p o ly m e r m o le c u la r  
m o tio n  (R ouse [3], r e p ta t io n  [14] a n d  c o n s tra in t release [12]) an d  those o f b u lk  p o ly ­
m e r tra n s p o rt. T h e  la t te r  has cen tered  a ro u n d  ‘th e rm o d y n a m ic  s lo w in g  d o w n ’ in  
th e  v ic in ity  o f th e  s p in o d a l [104] a n d  m o re  re c e n tly  on th e  re la tiv e  m e r its  o f  th e  fa s t 
[77, 85] an d  slow [76, 86] th eo ries , as discussed in  th e  p rev io u s  c h a p te r. T hese  s tu d ­
ies have m o s tly  been lim ite d  to  p o ly s ty re n e  (P S ), p o ly e th y le n e  ( P E ) ,  p o ly  (e th y le n e  
o x id e ) (P E O )  an d  p o ly  (v in y l c h lo rid e ) ( P V C ) ,  th e re  be ing  l i t t le  kn ow led g e  o f  d iffu ­
sion coeffic ients fo r o th e r p o ly m e rs . H o w ever, a  n u m b e r o f  o th e r  p o ly m e rs , such as 
p o ly  (m e th y l m e th a c ry la te ) ( P M M A ) ,  a re  w id e ly  used c o m m e rc ia lly  a n d  a  d e ta ile d  
kn ow ledge o f th e ir  s tre n g th  a t  in te rfaces  is c r it ic a l fo r th e ir  use in  various  w e ld ­
ing  a p p lic a tio n s  such as adhesion  a n d  fu s io n  processes. T h is  s tre n g th  depends on
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d iffu s io n  m echan ism s a n d  coeffic ients.
J u d  e t  a l .  [151] w ere a m o n g  th e  firs t to  lo o k  a t  P M M A  b lends, c a lc u la tin g  d iffu ­
sion  coeffic ien ts  a t  te m p e ra tu re s  ju s t  above th e  glass tra n s it io n  te m p e ra tu re  ( T g) 
o f th e ir  p o ly m e rs , in  th e  ran g e  T g <  T  <  T g +  1 5 K . T h e ir  c a lc u la tio n s  w ere based  
on m easu rem en ts  o f th e  fra c tu re  toughness a t  th e  in te rfa c e  o f w e ld ed  sam ples, b u t  
th e ir  m o d e l lin k in g  these m easu rem en ts  to  d iffu s io n  coeffic ients c o n ta in e d  as y e t  
u n v e rifie d  assu m p tio n s  a b o u t th e  d iffu s io n  m echan ism s in vo lved  in  th e  w e ld in g  p ro ­
cess. F o r th is  w o rk  th e y  used a  c o m m e rc ia l P M M A  w ith  a  la rg e  m o le c u la r  w e ig h t  
d is tr ib u t io n  ( M w/ M u =  2 ) an d  u n k n o w n  ta c tic ity . S ince th e n  tw o  m o re  stud ies  o f  
th e  in te rd iffu s io n  o f  P M M A  in to  P M M A  have been  re p o rte d . V a n  A ls te n  a n d  L u s tig
[152] used a tte n u a te d  to ta l  re flec tan ce  (A T R )  spectroscopy to  m easu re  th e  d iffu s io n  
coeffic ien ts  a t  variou s  te m p e ra tu re s . L iu  e t  a l .  [153] used x -r a y  re f le c to m e try  to  
m easu re  th e  d is p la c e m e n t o f go ld  m a rk ers  a t  th e  b ila y e r in te rfa c e , fro m  w h ic h  th e y  
c a lc u la te d  tra c e r  d iffu s io n  coeffic ients acco rd in g  to  th e  fas t th e o ry . T h is  th o u g h , 
req u ires  assu m p tio n s  a b o u t th e  b e h a v io u r o f  th e  go ld  laj^er d u r in g  th e  d iffu s io n  p ro ­
cess a n d  th e re fo re  casts d o u b t on th e  n u m e ric a l values th e y  o b ta in . B ecause o f th e  
assu m p tio n s  re q u ire d  in  th e  m o d e ls  o u tlin e d  above a  m o re  d ire c t m e a s u re m e n t o f  
th e  d iffu s io n  p ro files  is re q u ire d  in  o rd er to  o b ta in  a ccu ra te  d iffu s io n  coeffic ients.
In  th is  c h a p te r th e  m u tu a l d iffus io n  o f  d e u te ra te d  p o ly (m e th }d  m e th a c ry la te )  (d -  
P M M A )  o f variou s  m o le c u la r w eights  in to  P M M A  is in v e s tig a te d  a t  variou s  te m ­
p e ra tu re s  above T g. A s w ith  th e  p rev io u s  system  re p o rte d  in  th e  la s t c h a p te r th e  
d a ta  was a c q u ire d  by n u c lea r re a c tio n  ana lys is  using  th e  io n  b e a m  fa c i l i ty  a t  th e  
U n iv e rs ity  o f  S urrey .
6.2 S a m p l e  P r e p a r a t i o n
T h e  p o ly m e rs  used in  th is  s tu d y  a re  described  in  ta b le  6 .1 . A l l  p o ly m e rs  w ere  
su pp lied  b y  P o ly m e r L a b o ra to r ie s  L td .  an d  are  m onod isperse . T h e  glass tra n s itio n s
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w ere d e te rm in e d  b y  D S C  us ing  a  P e rk in -E lm e r  D S C 7  a t  a h e a tin g  ra te  o f 10°C m in  1.
T h e  sam ples w ere m a d e  b y  sp in  c o a tin g  a  P M M A  f ilm  ( r f  0 .8 / im ) fro m  a  to lu e n e  
s o lu tio n  ( &  lO O gl- 1 ) on to  a  s ilico n  w a fe r s u b s tra te . F o r th is  w o rk , a ll  sam ples w ere  
m a d e  us ing  th e  sam e m a t r ix  P M M A ,  o f m o le c u la r w e ig h t 1 0 0 2 5 0 . A  d - P M M A  f ilm  
( «  0 .2/ im )  was th e n  sp in  co ated  o n to  a  glass m icroscope s lide . A f te r  w a it in g  several 
hours fo r  th e  re m a in in g  to lu e n e  to  e v a p o ra te , th e  f i lm  was flo a te d  o ff o n to  d is tille d  
w a te r  and  p icked  u p  b y  th e  P M M A  co a te d  s ilicon  w afer. T h e  b ila y e r  was th e n  d rie d  
fo r 24  hours b e fo re  a n n e a lin g . F o r these sam ples th e  s ilicon  w a fe r was n o t e tched  
because th e  v iscosit}7 o f th e  h ig h  m o le c u la r w e ig h t P M M A  used w as su ffic ie n tly  
la rg e  to  ensure th a t  film s  o f  th is  th ickness w e t th e  surface, even a t  te m p e ra tu re s  
w e ll over T g. T h e  sam ples w ere an n e a le d  a t  1 4 9 °C , 1 6 2 °C , 1 7 1 °C  a n d  1 8 1 °C . F o r  
each d - P M M A  m o le c u la r w e ig h t an d  a t  each te m p e ra tu re , s ix  sam ples w ere m ad e  
a n d  an n ea led  fo r d iffe re n t len g th s  o f  t im e  in  o rd e r to  increase th e  accu racy  o f th e  
m easu red  d iffus io n  coefficients.
P o ly m e r
T y p e
D e s ig n a tio n M o le c u la r  
W e ig h t (g m o l- 1 )
M o n o m e rs  
p e r ch a in  N
M w/ M n T g(° C )
d - P M M A 231c d - P M M A 2 3 2 0 0 215 1 .09 1 19 .4
d - P M M A 821c d - P M M A 8 2 5 0 0 764 1 .04 1 1 9 .7
d - P M M A 1271c d - P M M A 127 0 0 0 1176 1.04 117 .3
P M M A 1001c P M M A 1 0 0 2 5 0 1003 1 .05 1 2 1 .7
T a b le  6 .1: P o ly m e rs  used in  th is  s tu d y
6.3 R e s u l t s  a n d  D i s c u s s i o n
A s s ta te d  above d iffus io n  pro files  w ere o b ta in e d  by N R A  acco rd in g  to  th e  m e th o d  
d escribed  in  c h a p te r 3. B ecause o f th e  h ig h  s e n s itiv ity  o f P M M A  to  ra d ia t io n  [154] 
th e  sam ples w ere b ack-coo led  to  reduce b e a m  d am ag e . P rev io u s  ion  b e a m  ana lys is
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o f P M M A  using  N R A  a t  fo rw a rd  angles has been  unsuccessful la rg e ly  d ue  to  th e  
sensitive  geom etry . N R A ,  w ith  th e  d e te c to r  p laced  a t  a  la rg e  back  ang le , is re la t iv e ly  
in sen s itive  to  s m a ll a z im u th a l a n g u la r changes (see c h a p te r 3 ) . T h e  size o f  th e  
b e a m  s p o t can  th e re fo re  b e  m u ch  la rg e r th a n  for fo rw a rd  an g le  d e te c tio n  ( ty p ic a lly  
5 x 1 0  m m 2 co m p ared  to  1x10  m m 2 fo r fo rw a rd  angle  d e te c tio n ) le a d in g  to  m u ch  
lo w er b e a m  c u rre n t densities  on th e  sam p le . In  a d d it io n  th e  accep to r ang le  o f  th e  
d e te c to r can  be la rg e r , p ro v id in g  fa s te r a c q u is itio n  tim e s  w ith o u t  s ig n ific a n t loss 
o f d e p th  re s o lu tio n . T h ese  tw o  m a jo r  advantages  o f  b a c k w a rd  an g le  d e te c tio n  over 
fo rw a rd  an g le  d e te c tio n  N R A , c o m b in ed  w ith  th e  sam p le  co o lin g , a llo w  c lean  s p e c tra  
to  b e  o b ta in e d  fro m  P M M A  sam ples befo re  excessive b e a m  d a m ag e  occurs.
6 . 3 . 1  D i f f u s i o n  M e c h a n i s m  a n d  D i f f u s i o n  C o e f f i c i e n t s
T y p ic a l p ro files  are  show n in  figures 6 .1  a) to  d ) . F ig u res  6 .1  a) an d  b ) are  o b ta in e d  
fo r an  u n a n n e a le d  sam p le  o f 2 3 k  d - P M M A  on 1001c P M M A  a n d  a n o th e r a n n ea led  
fo r 4 days a t  1 4 9 °C , resp ective ly . In  b o th  cases th e  v e r t ic a l lin e  in d ic a te s  th e  a p ­
p ro x im a te  p o s itio n  o f th e  in te rfa c e  (th e  h a lf  h e ig h t o f th e  t r a il in g  edge), w h ic h  is 
seen to  m ove to w ard s  th e  low er m o le c u la r w e ig h t an d  m o re  m o b ile  d - P M M A  b y  a p ­
p ro x im a te ly  20 n m . T h is  is a  v e ry  s m a ll m o vem en t w h ich  w o u ld  be g re a tly  en hanced  
b y  th e  s tu d y  o f sam ples m a d e  fro m  p o ly m e rs  w ith  a  la rg e r  d is p a r ity  in  m o le c u la r  
w eights . T h is  o b s e rv a tio n  is consis ten t w ith  th e  fas t th e o ry  o n ly  [77] an d  th e  re l­
evan t e q u a tio n  fro m  th e  a r t ic le  o f K ra m e r  e t  a l .  [ 7 7 ]  was th e re fo re  used to  o b ta in  
n u m e ric a l so lu tion s  to  F ie lds  e q u a tio n  fo r co m p ariso n  w ith  th e  d a ta . F o r lo n g  chains  
(N  >  N e th e  e n ta n g le m e n t le n g th ) o f c h e m ic a lly  id e n tic a l p o ly m e rs , th e  fa s t th e o ry  
e q u a tio n  assum ing  re p ta t io n  d y n a m ic s , is;
D F  =  N c B 0 k e T  +  J l J  (6 .1 )
w h ere  B 0 is a  c o n s ta n t re la te d  to  th e  p o ly m e r segm ent m o b ilit ie s , N a  a n d  N b  are  
degrees o f p o ly m e ris a tio n  o f th e  d e u te ra te d  a n d  p ro to n a te d  p o ly m e rs  resp ective ly , 
a n d  (j) =  cf)A . T h e  use o f  th is  e q u a tio n  assumes th a t  the  F lo ry -H u g g in s  in te ra c tio n
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T e m p e ra tu re  ( ° C ) D s (e n d s  x) T e m p e ra tu re  ( ° C ) D s (c m 2s r i
149 3 .0  1 0 -18 171 4 .6  1 0 “ 16
162 9 .1  lO " 17 181 2 .4  1 0 " 15
T a b le  6 .2: D iffu s io n  coeffic ien ts  o f  127 k  d - P M M A  in  1001c P M M A
p a ra m e te r  ( x )  is zero, m e a n in g  th a t  th e  la b e llin g  w ith  d e u te r iu m  is innocuous. T h is  
is n o t a lw ays th e  case, as show n b y  G re e n  a n d  D o y le  [104], b u t  here i t  is in i t ia l ly  
assum ed to  be so.
F ig u res  6.1  c) an d  d ) show  pro files  o b ta in e d  fro m  an u n a n n e a le d  s am p le  o f 1271c 
d - P M M A  on 1001c P M M A  a n d  a n o th e r an n e a le d  fo r 3 days a t  1 6 2 °C  respective ly . 
A g a in  th e  v e rt ic a l lines in d ic a te  th e  p o s itio n  o f th e  in te rfa c e  w h ic h  here is seen to  
re m a in  s ta tio n a ry . T h is  is because b o th  th e  d e u te ra te d  an d  p ro to n a te d  p o ly m e rs  
have v e ry  s im ila r  degrees o f  p o ly m e ris a tio n  an d  th e  d iffu s io n  co effic ien t is th e re fo re  
exp ec ted  to  be in d e p e n d e n t o f c o n c e n tra tio n  (as long  as x  — 0 ). E q u a tio n  5 .2  (th e  
s o lu tio n  to  F ie lds  e q u a tio n  fo r a  c o n s ta n t d iffus io n  co effic ien t in  b ila y e r sam ples) 
can  th e n  be used (w ith  </>2 =  1 a n d  (f>\ —  0) to  f i t  th e  pro files  o b ta in e d  fro m  these  
sam ples. A  t im e  sequence o f such pro files  is show n in  figure  6 .2 , a lo n g  w ith  th e  best 
f i t  to  each p ro file  using  e q u a tio n  5 .2  co n v o lu te d  w ith  a  gaussian  ( F W H M  =  6 0 0 A )  
to  ta k e  account o f th e  sys tem  re s o lu tio n . T hese  results  are s u m m arised  in  fig u re  
6 .3 , w h ere  th e  best s tra ig h t lin e  f i t  to  th e  d a ta  a t  each te m p e ra tu re  y ie ld s  th e  se lf 
d iffus io n  coeffic ien t (D s ) show n in  ta b le  6 .2 .
F ig u re  6 .4  shows pro files  o b ta in e d  fro m  th e  2 3 k  d - P M M A  sam ples an n ea led  fo r  
variou s  leng ths  o f t im e  a t  1 7 T C ,  to g e th e r w ith  th e  n u m e ric a l so lu tion s  to  F ie lds  
d iffu s io n  e q u a tio n  (e q u a tio n  1 .2 1 ) o b ta in e d  using  e q u a tio n  6.1 w ith  th e  m e th o d  o f  
f in ite  differences [51]. C o m p a ris o n  o f th e  d a ta  to  th e  n u m e ric a l so lu tions  shows 
exce llen t ag reem en t w h ic h  is also observed  a t  a ll o th e r te m p e ra tu re s  an d  w ith  th e  
o th e r m o le c u la r w eights . O u r  as s u m p tio n  o f x  — 0 is th e re fo re  v a lid  a t  leas t to  
a firs t a p p ro x im a tio n . In  re a lity  x  is p ro b a b ly  a  v e ry  s m a ll p o s itiv e  v a lu e  h a v in g
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F ig u re  6.1: T y p ic a l d iffu s io n  profiles; a ) a n d  b ) o b ta in e d  fro m  2 3 k  d -P M M A /lO O k  
P M M A  sam ples an n ea led  a t  1 4 9 °C  fo r 0 an d  4  days, res p e c tiv e ly  an d  show ing  a  s lig h t  
m o v e m e n t o f th e  in te rfa c e  in d ic a t in g  fa s t m o d e  d iffusion; c) an d  d ) o b ta in e d  fro m  
1 2 7 k  d - P M M A /lO O k  P M M A  a n n ea led  a t  1 6 2 °C  fo r 0 and  3 days, re s p e c tiv e ly  a n d  
s h ow in g  no in te r fa c ia l m o v e m e n t due to  th e  s im ila r ity  in  degrees o f p o fy m e ris a tio n . 
T h e  d iffused  p ro files  b ) and  d ) are  show n a lo n g  w ith  th e  b est F ic ld a n  fits  to  th e  
d a ta . T h e  f i t  is in a d e q u a te  fo r th e  system  c o n ta in in g  po fym ers  o f w id e ly  v a ry in g  
degrees o f p o ly m e ris a tio n , b ), b u t is seen to  be v e ry  good th e  system  c o n ta in in g  
p o ly m e rs  w ith  chains o f s im ila r  le n g th , d ) .
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D e p t h  ( ja m )
F ig u re  6.2: D iffu s io n  pro files  o b ta in e d  fro m  127k  d - P M M A /lO O k  P M M A  annea led  
a t  1 6 2 °C  fo r a ) n n a n n e a le d , b ) 2 days, c) 5 days a n d  d ) 9 days. T h e  so lid  lines show  
th e  best f i t  to  th e  d a ta  us ing  e q u a tio n  5 .2  in  a  s im p le  F ic k ia n  m o d e l.
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T i m e 12 ( H r s 1/2)
F ig u re  6.3: C h a ra c te r is t ic  d ep th s  o f  d iffu s io n  o b ta in e d  fro m  th e  127 k  d - P M M A /lO O k  
P M M A  sam ples a t  th e  variou s  te m p e ra tu re s  p lo tte d  versus ( t im e )1/ 2. T h e  so lid  lines  
are  th e  best s tra ig h t lin e  fits  to  th e  d a ta . T h e  slope o f each lin e , ( 4 D t ) 1/ 2, y ie ld s  th e  
P M M A  self d iffu s io n  coeffic ien t.
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l i t t l e  e ffect on th e  d iffus io n . N u m e ric a l so lu tion s  suggest th a t  x  <  1 0 ~3 w h ic h  is in  
reaso n ab le  ag reem en t w ith  p u b lish ed  values o f  x  fo r  s lig h tly  h ig h e r m o le c u la r w e ig h t  
blends o f s y n d io ta c tic  d - P M M A  a n d  P M M A  [155]. F ig u re  6 .5  shows a  s u m m a ry  o f  
th e  d iffu s io n  coeffic ients used to  o b ta in  th e  n u m e ric a l so lu tion s . F o r c la r i ty ’s sake 
o n ly  th e  sets fo r 1 4 9 °C  an d  1 8 T C  a re  show n , b u t  those a t  1 6 2 °C  a n d  1 7 T C  show  
th e  sam e ch arac teris tics . T h e  tra c e r  d iffu s io n  coeffic ien t o f  th e  P M M A  ( i e  DMutuai 
as 0  -r f  1) is seen to  be in d e p e n d e n t o f  th e  m o le c u la r w e ig h t o f  th e  d - P M M A .  A  
consequence o f th is  w h en  using  e q u a tio n  6.1 to  o b ta in  n u m e ric a l so lu tion s , is th a t  
th e  d - P M M A  tra c e r d iffus io n  coeffic ients ( i e  DMutuai as 0  -r f  0) scale as M J 2Pmma- 
T h ese  observations  suggest th a t  th e  d iffu s io n  observed h ere  is in  a  p u re  re p ta t io n  
re g im e , w ith  no evidence o f c o n s tra in t re lease, fo r d - P M M A  m o le c u la r w eights  u p  
to  a n d  in c lu d in g  se lf d iffus io n . W e  th e re fo re  w r ite  D s  — D o . M j / PmmA) w h ere  D 0 is 
th e  re p ta t io n  co nstan t.
I t  sh ou ld  be n o te d  th a t  n u m e ric a l so lu tion s  show ing  good ag re e m e n t w ith  th e  d a ta  
can  also b e  o b ta in e d  w h ils t us ing  th e  slow  th e o iy . F o r th e  8 2 k  a n d  1 2 7 k  d - P M M A  
m o le c u la r w eights , th e  fas t a n d  slow  th eo ries  a re  a lm o s t id e n tic a l d ue  to  th e  n ear  
e q u a lity  o f th e  P M M A  and  d - P M M A  tra c e r d iffu s io n  coeffic ien ts . H ow ever, fo r th e  
2 3 k  d - P M M A ,  good  slow th e o ry  a g re e m e n t w ith  th e  d a ta  is o b ta in e d  o n ly  i f  th e  
tra c e r  d iffus io n  coeffic ients are a lte re d . In  th is  case th o u g h , th e  tra c e r  d iffus io n  co­
e ffic ien ts  are  no lo n g er fo u n d  to  agree w ith  e ith e r  th e  R ouse, re p ta t io n  o r c o n s tra in t  
release th eo ries , in d ic a t in g  ag a in  th a t  th e  d iffu s io n  is governed  b y  th e  fa s t th eo ry . 
A g re e m e n t b e tw een  the  slow th e o ry  p re d ic tio n s  a n d  th e  d a ta  is o n ly  possib le be­
cause o f th e  v e ry  s m a ll in te r fa c ia l m o v e m e n t. A  g re a te r m o le c u la r w e ig h t d is p a r ity  
b etw een  th e  P M M A  an d  th e  d - P M M A  shou ld  show profiles u n o b ta in a b le  fro m  th e  
slow  th eo ry .
J u d  e t  a l .  [151] e s tim a te d  th e  self d iffu s io n  o f P M M A  o f m o le c u la r w e ig h t 1.2 • 105g 
a t  T  =  T g 4 - 1 5 K , to  be 10 -17 c m 2s- 1 . U s in g  th e  W L F  e q u a tio n  (1 .3 2 ) to  scale 
th e  values re p o rte d  here d ow n  to  T  — T g =  1 5 K , we o b ta in  2 .5  • 1 0 -20 cm 2s_1 ( i e  a  
fa c to r  o f  400  tim es  s m a lle r) . H ow ever, th e ir  e s tim a te  is based on a  m o d e l l in k in g  th e
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D e p t h  ( p m )
F ig u re  6 .4: C o m p a ris o n  o f th e  n u m e ric a l so lu tion s  to  P ic k ’s e q u a tio n  w ith  th e  d if ­
fus ion  p ro files  o b ta in e d  fro m  2 3 k  d - P M M A  sam ples an nea led  a t 1 7 1 °C  fo r a ) u n a n ­
nea led , b ) 40  m in u te s , c) 150 m in u te s  a n d  d ) 240  m in u tes . T h e  n u m b e r o f  loops  
p e rfo rm e d  in  th e  p ro g ra m  c a lc u la tin g  th e  n u m e ric a l so lu tions  is d ire c t ly  p ro p o r­
t io n a l to  th e  a n n e a lin g  t im e  o f th e  sam ples: 1 lo o p  =  3 .75  seconds 150 m in u te s  
=  2400  loops.
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F ig u re  6.5: S u m m a ry  o f th e  d iffus io n  coeffic ients fo u n d  to  a c c u ra te ly  s im u la te  th e  
d a ta  a t  1 4 9 °C  and  1 8 1 °C . In  each set th e  lo w er lin e  represents  th e  1 2 7 k  d - P M M A ,  
th e  m id d le  lin e  represents th e  821c d - P M M A  an d  th e  u p p e r lin e  represents  th e  23 k  
d - P M M A .
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fra c tu re  toughness in  th e  in te rfa c e  o f a  w e ld ed  sam p le  to  th e  se lf d iffus io n  coeffic ien t, 
b u t  th e  in te rp re ta t io n  o f crac lc -hea ling  a n d  th e  accuracy  o f  th is  m o d e l a re  d e b a ta b le  
because o f  possib le in fluences o f surface effects a n d  seg m en ta l m o vem en t [156]. In  
a d d it io n  th e y  w ere us ing  a  c o m m e rc ia l P M M A  w ith  a  h ig h  p o ly d is p e rs ity  ( M w / M n —
2) w h ic h  co u ld  acco un t fo r th e ir  excessively h ig h  value.
C o m p a r in g  th e  s e lf d iffu s io n  coeffic ien ts  o f V a n  A ls te n  a n d  L u s tig  [152] an d  th e  
tra c e r  d iffus io n  coeffic ients o f  L iu  e t  a l .  [153], th e  values re p o rte d  here  a re  fo u n d  
to  b e  a p p ro x im a te ly  20  a n d  70 tim e s  low er respective ly , fo r p o lym ers  o f s im ila r  
m o le c u la r w eights  a t  th e  sam e T  — T g. V a n  A ls te n  an d  L u s tig  p e rfo rm e d  in fra re d  
A T R  spectroscopy on  a  s lig h tly  a s y m m e tr ic  p o ly m e r p a ir  (1 4 6 0 0 0 g m o l-1  d - P M M A  
a n d  SSOOOgmol-1  P M M A )  b u t  assum ed, in  th e ir  fits , th a t  th e  d iffus io n  coeffic ien t 
was in d e p e n d e n t o f c o n c e n tra tio n  . H o w ever, e q u a tio n  6 .1  p red ic ts  a  v a r ia t io n  o f  D p  
b y  a fa c to r o f  2 betw een  <f> =  0 a n d  (j) =  1 fo r these m o le c u la r w eights . T h e  d ifference  
co u ld  th e re fo re  be red u ced  to  a  fa c to r  o f  10 d e p e n d in g  on th e ir  e x a c t sam p le  and  
e x p e r im e n ta l a rra n g e m e n ts  w h ic h  a re  n o t e x p lic it ly  s ta te d . L iu  e t  a l .  p e rfo rm e d  x -  
ra y  re f le c tiv ity  to  d e te rm in e  th e  m o v e m e n t o f g o ld  m arkers  a t  th e  p o ly m e r in te rfa c e , 
fro m  w h ich  th e y  c a lc u la te d  th e  tra c e r d iffu s io n  coefficients o f th e  p o ly m e rs  acco rd in g  
to  th e  fast th e o ry  [77]. H ow ever, w hereas  th e  surface la y e r o f go ld  does a p p e a r to  
re m a in  fixed  a t  th e  surface [157], th e  m o v e m e n t and  th e  effect o f th e  in te r fa c ia l 
g o ld  la y e r are  n o t fu lly  u n d e rs to o d . T h e  fas t th e o ry  assum es th a t  th e  in te r fa c ia l 
g o ld  la y e r w i l l  re m a in  a t  th e  in te rfa c e  an d  th e re fo re  m ove w ith  th e  sw e llin g  o f th e  
slow er co m p o n e n t [77, 153], b u t  S h u ll a n d  K e llo c k  [158] have show n th a t  th e  go ld  
p a rtic le s  w il l  ten d  to  d iffuse in to  th e  tw o  p o ly m e rs  e ith e r  side o f th e  in te rfa c e  a t  
ra tes  in verse ly  p ro p o rt io n a l to  th e  p o ly m e r viscosities. T h is  casts d o u b t on  L iu  e t  
a l l s  in te rp re ta t io n  o f th e ir  m easu rem en ts . T h e  d o u b t is fu r th e r  exposed b y  K u n z  
an d  S ta m m  [159] w h o  observed th e  t lA  dependence o f th e  in te r fa c ia l b ro ad en in g  
b etw een  d - P M M A  an d  P M M A  b y n e u tro n  re fle c tiv ity , lo n g  a fte r  the  exp ected  t 1/ 2 
dependence p re d ic te d  by th e  resu lts  o f L iu  e t  a l .  w hen  in te rp re te d  in  th e  re p ta t io n  
th eo ry . T h e  low er d iffus io n  coeffic ien ts  re p o rte d  here are consisten t w ith  K u n z  and  
S ta m m ’s resu lt.
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In  a s tu d y  w h ich  co n c e n tra te d  on d e te rm in in g  d iffus io n  coeffic ien ts  o f  d -P S  and  
P M M A  in  a  m a t r ix  o f p h ase-separa ted  d ibloclc co po lym ers  o f  P S / P M M A ,  G re e n  e t  
a l .  [160] also o b ta in e d  lim ite d  d a ta  on  th e  tra c e r d iffus io n  o f  d - P M M A  in  P M M A .  
A t  1 8 5 °C  th e ir  d a ta  in d ic a te s  th a t  D J _ PMMA =  10- 14cm 2s-1  fo r M w =  105g m o l“ 1. 
U s in g  th e  W L F  e q u a tio n  w ith  th e  p a ra m e te rs  re p o rte d  la te r  to  scale th e  values  
o b ta in e d  in  th is  s tu d y  to  1 8 5 °C  fo r th e  sam e m o le c u la r w e ig h t p o ly m e r, y ie ld s  a  
tra c e r  d iffu s io n  co effic ien t o f  4 .5  • 10 - I 5c m 2s- 1 ; o n ly  a  fa c to r  o f 2 d iffe ren ce  a n d  
hence in  v e ry  g o o d  ag reem en t w ith  th e  re s u lt o f G re e n  e t  a l . .
In  a  p u re  re p ta t io n  re g im e , as ap pears  to  be th e  case h ere , th e  tra c e r  d iffus io n  
co effic ien t can  be re la te d  to  m easu red  v isco e las tic  p a ra m e te rs  [25, 161]:
w h ere  M 0, M e a n d  M  are  th e  m o n o m e r, e n ta n g le m e n t a n d  p o ly m e r m o le c u la r  
w eights , k s  is th e  B o ltz m a n n  c o n s ta n t an d  ( 0 is th e  m o n o m e ric  fr ic t io n  coeffic ien t 
a t  te m p e ra tu re  T .  U s in g  M e =  4 8 0 0 g m o l-1  [11 ] an d  in te rp o la t in g  b e tw een  th e  shear 
co m p lia n c e  p o in ts  m easu red  b y  P la z e k  e t  a l .  [162] to  o b ta in  th e  m o n o m e r fr ic t io n  
co effic ien t o f a ta c t ic  P M M A  a t  T  — T g =  4 3 K  we o b ta in  D  =  1 .9  * 10 -16 e m 2s- 1 . 
V e ry  goo d  ag reem en t is o b ta in e d  b e tw een  th is  ca lc u la te d  v a lu e  a n d  th e  v a lu e  m e a ­
sured  in  th is  w o rk  a t  1 6 2 °C  ( ie  T  — T g =  4 3 K ):  9.1  • 10 -17 cm 2s_ 1 , w h ere  ag a in , 
th e  resu lts  d iffe r  o n ly  b y  a  fa c to r  o f  2 . S im ila r  accord  betw een  th e  v isco e las tic  d a ta  
an d  th e o ry  o f e q u a tio n  6.2 a n d  e x p e r im e n ta l d iffus io n  coeffic ients , has a lre a d y  been  
fo u n d  a n d  re p o rte d  b y  a  n u m b e r o f  g roups in  p o lys ty ren e  a n d  p o ty e th y le n e  system s  
(see reference [15] fo r a  com prehensive  re v ie w  o f th e  s u b je c t).
6 . 3 . 2  T e m p e r a t u r e  D e p e n d e n c e  o f  D i f f u s i o n  C o e f f i c i e n t s
T h e  c o n c e n tra tio n  dependence o f th e  m u tu a l d iffus ion  coeffic ien ts  show n in  fig u re  6 .5  
also show th a t  th e  tra c e r d iffus io n  coeffic ien ts  are s tro n g ly  te m p e ra tu re  d ep en d en t
(6.2)
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an d  so th e  W il l ia m s -L a n d e l-F e r r y  e q u a tio n  fo r w e ll en ta n g le d  p o ly m e rs  [11] is used;
w h ere  c f  is a  c o n s tan t d e p e n d e n t on  th e  p o ly m e ric  m o n o m e r fr ic t io n  coeffic ien t, 
D!p0 is th e  tra c e r  d iffu s io n  co effic ien t a t  a  reference  te m p e ra tu re  T o  a n d  Too is th e  
V o g e l te m p e ra tu re  ta k e n  to  be 3 0 8 K  fo r  P M M A  [11], F ig u re  6.6 shows a  p lo t  o f  
log  (D ip) ag a in s t — ( T  — T 0) / ( T  — Too) w h ere  D P  is D s  th e  se lf-d iffus io n  coeffic ien t 
fro m  ta b le  6.2 a n d  T 0 is ta k e n  as T g =  1 1 9 °C . T h e  slope o f  th e  best s tra ig h t lin e  f i t  
has a  va lu e  o f c f  —  18 .4; s o m e w h a t less th a n  th e  va lu e  o f 34  ta b u la te d  by F e rry  [11], 
A n  A rrh e n iu s  ap proach  to  th e  te m p e ra tu re  dependence o f  th e  d iffus io n  coeffic ien t 
also gives a  s tra ig h t lin e , w ith  an  a c tiv a tio n  en erg y  o f S T lk J m o T 1. T h is  is s im ila r  
to  th e  400 1 c J m o T 1 re p o rte d  by M e  C ru m  e t  a l .  [163], th e  3 2 0 k J m o T 1 b y  G re e n  e t  
a l .  [164] a n d  th e  2 7 4 k J m o T 1 by J u d  e t  a l .  [151] b u t s u b s ta n tia lly  la rg e r th a n  th e  
1 0 9 k J m o T 1 fo u n d  by V a n  A ls te n  an d  L u s tig  [152].
6 . 3 . 3  S u m m a r y
T h e  in te rd iffu s io n  o f d e u te ra te d  a n d  p ro to n a te d  P M M A  was s tu d ie d  using  N u c le a r  
R e a c tio n  A n a ly s is . D iffu s io n  p ro files  w ere c o m p a re d  to  n u m e ric a l so lu tions  to  F ic k ’s 
e q u a tio n  us ing  fast th e o ry  p re d ic tio n s  a n d  w ere seen to  p resen t exce llen t ag reem en t. 
T h e  F lo ry -H u g g in s  in te ra c tio n  p a ra m e te r  ( x )  was e s tim a te d  to  be low er th a n  1 0 - 3 . 
A lth o u g h  th e  d iffus io n  coeffic ients d e te rm in e d  in  th is  w o rk  show ed discrepancies  
w ith  p re v io u s ly  p u b lish ed  values, th e y  p ro v id e  goo d  ag reem en t w ith  th e  re p ta t io n  
th e o ry  p red ic tio n s  based on v isco e las tic  d a ta . T h e y  w ere also seen to  scale w ith  
te m p e ra tu re  acco rd in g  to  W il l ia m s -L a n d e l-F e r r y  e q u a tio n .
(6 .3 )
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9 L ,_______I_______,_______I_______x_______i_______,
- 0 .4 5  - 0 .4 0  - 0 .3 5  - 0 . 3 0  - 0 .2 5
-  ( T - T g) / ( T - T V )
F ig u re  6 .6 : P lo t  o f lo g (D ^ ) a g a in s t — ( T  -  T g) / ( T  -  T TO) w h e re  D P  is D s  th e  self- 
d iffu s io n  coeffic ien t ta k e n  fro m  ta b le  6 .2 . T h e  s tra ig h t lin e  f i t  in d ic a te s  c o m p lian ce  
w ith  th e  W L F  eq u a tio n .
C h a p t e r  7
S u m m a r y  a n d  C o n c l u s i o n
D iffu s io n  in  p o ly m e rs  has been s tu d ie d  in  th re e  d iffe re n t system s us ing  tw o  io n  
b e a m  techniques: R u th e r fo rd  B a c k s c a tte rin g  (R B S ) and  N u c le a r  R e a c tio n  A n a ly s is  
( N R A ) .
T h e  firs t system  consisted  o f  a  re la t iv e ly  s m a ll dye m o lecu le  d iffu s in g  in to  p o ly m e r  
m a tric e s  o f  v a r f io u s  glass tra n s it io n  te m p e ra tu re s . T h e  sam ples w ere p re p a re d  using  
a  novel tech n iq u e  (D y e  D iffu s io n  T h e r m a l T ra n s fe r, D 2 T 2 )  d ev e lo p e d  by I C I  Im a g e -  
d a ta  fo r p r in t in g  h ig h  re s o lu tio n  im ages on  p o ly m e r surfaces fro m  d ig ita l d a ta . U s in g  
R B S  to  tra c e  th e  lo c a tio n  o f th e  s u lp h u r a to m  c o n ta in ed  in  th e  d y e  m o lecu le , th e  
d e p th  d is tr ib u tio n  o f  th e  w h o le  dye m o lecu le  was th e n  c a lc u la te d  fro m  a  kn ow ledge  
o f its  ch e m ic a l c o m p o s itio n . D iffu s io n  coeffic ien ts  a n d  a b so lu te  c o n cen tra tio n s  w ere  
o b ta in e d  fro m  these pro files . T h e  d iffu s io n  coeffic ients w ere fo u n d  to  b e  in d e p e n d e n t  
o f c o n c e n tra tio n  a t  th e  re la tiv e ly  lo w  c o n cen tra tio n s  s tu d ie d  ( <  20% ) b u t  in verse ly  
p ro p o rt io n a l to  th e  m a t r ix  glass tra n s it io n  te m p e ra tu re s . T h e  W L F  a n d  A rrh e n iu s  
eq u a tio n s  o f  th e  F ree  V o lu m e  th e o ry  b o th  a c c u ra te ly  describ ed  th is  dependence. 
T h e  surface co ncen tra tio n s  o f  th e  dye w ere fo u n d  to  be in d e p e n d e n t o f  th e  phys ica l 
p ro p e rtie s  o f  th e  m a tr ix .  T h e  s tu d y  show ed th a t  R B S  was a  su ffic ie n tly  sensitive  
tech n iq u e  to  d e te rm in e  ve ry  low  co n c e n tra tio n s  o f h eavy  e lem ents  in  p o ly m e r m a t r i ­
ces, w ith o u t  causing  excessive sam p le  d a m a g e . A lth o u g h  th e  w o rk  was p e rfo rm e d  on
130
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sam ples c o n ta in in g  m a g e n ta  dye, th is  w o rk  can  be p e rfo rm e d  on sam ples c o n ta in in g  
cyan  a n d  ye llo w  dye  (th e  tw o  c o m p le m e n ta ry  p r im a ry  co lours re q u ire d  to  p ro d u c e  
fu ll  co lo u r im ag es ). T h ese  dyes possess s u lp h u r an d  ch lo rine  a to m s  respective ly , also  
d e te c ta b le  b y  R B S . F u tu re  w o rk  w i l l  in c lu d e  th e  s tu d y  o f dye m olecu les possessing  
a c tiv e  sites w h ich  are  exp e c te d  to  re a c t w i th  th e  p o ly m e r m a t r ix .  T h e  d iffu s io n  
p ro files  a re  th e n  exp ec ted  to  be a lte re d , w ith  th e  dye re m a in in g  closer to  th e  m a t r ix  
surface. T h is  effect sh ou ld  be q u a n tif ia b le  us in g  R B S .
T h e  second s tu d }7 in vo lved  th e  in te rd iffu s io n  o f  p o ly s ty re n e  (P S ) an d  p o ly  (m e th y l  
m e th a c ry la te )  ( P M M A )  w ith  th e  a im  o f  d e te rm in in g  th e  m u tu a l d iffu s io n  coeffic ien t. 
T h e  s tu d y  was p e rfo rm e d  w ith  p o ly m e rs  o f m o le c u la r w e ig h t lo w  enough  to  en ab le  
to ta l  m is c ib il ity  a n d  w ith  P S  la b e lle d  w ith  d e u te r iu m  fo r d e te c tio n  b y  N R A . B ased  
on d iffe re n t assum ptions tw o  theories  w ere p u b lish ed  over a  decade ago to  describe  
th e  c o n c e n tra tio n  dependence o f th e  m u tu a l d iffu s io n  coeffic ien t: th e  ‘s low ’ an d  th e  
‘fa s t ’ theories . B o th  a tte m p te d  to  l in k  th e  m u tu a l d iffus io n  coeffic ien t to  th e  in t r in ­
sic m o b ilit ie s  o f th e  in d iv id u a l co m p o n en ts  in  a  s im ila r  w a y  to  th e  H a r t le y -C r a n k  
a n d  D a rk e n  eq ua tio n s , d eve lo p ed  to  d escribe  m u tu a l d iffu s io n  in  liq u id s  an d  m e ta ls  
resp ective ly . U n t i l  n ow  o n ly  one sys tem  has ever y ie ld e d  resu lts  c o n fo rm in g  to  ‘s lo w ’ 
th e o ry  p re d ic tio n s , in  c o n tra s t to  th e  case fo r th e  ‘fa s t’ th e o ry  w h ich  is s u p p o rte d  by  
m a n y  in d e p e n d e n t s tud ies. T h e  sys tem  s tu d ie d  here show ed th a t  a t  lo w  a n n e a lin g  
te m p e ra tu re s , a  few  degrees above th e  glass tra n s it io n , th e  ‘s lo w ’ th e o ry  a p p lie d . 
A t  m uch  h ig h e r te m p e ra tu re s  th e  ‘fa s t ’ th e o ry  was seen to  ap p ly . A n  e q u a tio n  fo r  
th e  c o n c e n tra tio n  d ependence o f th e  m u tu a l d iffu s io n  coeffic ien t was deve loped  a n d  
show n to  describe th e  e x p e r im e n ta l d a ta  a c c u ra te ly  a t  a ll in te rm e d ia te  te m p e ra ­
tu res , ch ang ing  fro m  th e  ‘s lo w ’ to  th e  ‘fa s t ’ th e o ry  w ith  in creas in g  te m p e ra tu re . 
T h is  resu lt, in  q u a lita t iv e  ag re e m e n t w ith  a  recen t th e o ry  b y  A kcasu  e t  a l .  [89], 
has been e x p la in e d  in  te rm s  o f a  F ree V o lu m e  in te rp re ta t io n  o f  p o ly m e rs . T h e  re­
q u ire d  e x p e rim e n ta l co n d itio n s  fo r its  o b s e rv a tio n  i e  low  m o le c u la r w e ig h t p o ly m e rs , 
low  a n n e a lin g  te m p e ra tu re s  a n d  lo n g  a n n e a lin g  tim es , e x p la in  th e  p rev ious  la c k  o f  
s u p p o rt fo r th e  ‘s low ’ th eo ry .
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F u tu re  w o rk  shou ld  in c lu d e  q u a n t ita t iv e  co m p ariso n  o f these resu lts  to  A kcasu  e t  
a l l s  th e o ry  as w e ll as a tte m p ts  to  observe b o th  ‘s lo w ’ a n d  ‘fa s t5 th eo ries  in  o th e r  
system s. A n o th e r  a re a  o f in te re s t is in  th e  lin k in g  o f p o ly m e r  d iffu s io n  to  o th e r  
d iffu s io n  p ro b lem s . T w o  recen t p u b lic a tio n s  b y  H ughes e t  a l .  [165] a n d  M c D o n a ld  
e t  a l .  [166], us ing  N M R  techn iques to  lo o k  a t  th e  d iffus io n  o f w a te r  th ro u g h  zeo lites  
an d  sandstone resp ective ly , have fo u n d  d iffu s io n  coeffic ients o f  a n  e q u iv a le n t fo rm  
to  th e  one used in  o u r p o ly m e r s tu d y  a t  in te rm e d ia te  te m p e ra tu re s . A lth o u g h  th e  
system s are  to ta l ly  d iffe re n t, s m a ll m o lecu les d iffu s in g  th ro u g h  r ig id  s tru c tu re s  com ­
p a re d  to  th e  in te rd iffu s io n  o f p o ly m e r chains, som e lin k s  can  neverthe less  be d ra w n . 
T h e  d iffu s io n  coeffic ien t o f th e  w a te r  [165, 166] describes an  e q u ilib r iu m  co ncen tra ­
t io n  w h ic h  exists b etw een  th e  liq u id  an  v a p o u r, b o th  o f w h ic h  are  d iffu s in g  species. 
T h is  e q u ilib r iu m  is c o n c e n tra tio n  d e p e n d e n t an d  cou ld  be e q u a te d  to  th e  c r it ic a l  
c o n c e n tra tio n  ( <pc) described  in  c h a p te r 5. A lth o u g h  no th e o re tic a l ju s tif ic a t io n  was  
p ro v id e d  fo r th e  ex is tance  o f / c, i t  co u ld  rep resen t e ith e r  an  e q u ilib r iu m  c o n cen tra ­
t io n  b e tw een  th e  tw o d iffu s in g  species (d -P S  an d  P M M A )  or a n  e q u ilib r iu m  b etw een  
th e  p o ly m e rs  and  the  free vo lu m e  a t  th a t  te m p e ra tu re . In  e ith e r  case a  th e o re tic a l  
ap p ro ach  shou ld  now  be considered  in v o lv in g  p o ly m e r a b s o rp tio n  iso th erm s  a n d  free  
v o lu m e  in te rp re ta tio n s  in  o rd er to  in v e s tig a te  th e  possible l in k .
F in a lly , th e  in te rd iffu s io n  o f h ig h  m o le c u la r w e ig h t d - P M M A  a n d  P M M A  was s tu d ­
ied  by N R A . H e re  too  th e  c o n c e n tra tio n  dependence o f th e  m u tu a l d iffu s io n  coeffi­
c ie n t w as d e te rm in e d . A ssu m in g  re p ta t io n  d y n a m ic s  th e  d e p th  p ro files  w ere fo u n d  
to  be described  by th e  ‘fa s t5 th e o ry  a t  a ll a n n e a lin g  te m p e ra tu re s  s tu d ie d . T h is  
re s u lt is consistent w ith  p rev io u s  w o rk  on m a n y  d iffe re n t S3rstem s ( i e  h ig h  m o lecu ­
la r  w e ig h t p o ly m e rs  s tu d ie d  a t  te m p e ra tu re s  som e 5 0 °C  above T g). T h e  d iffus io n  
coeffic ients w ere in  good  ag reem en t w ith  p re d ic tio n s  o f th e  re p ta t io n  th e o ry  based  
on v iscoelastic  d a ta  as w e ll as one set o f e x p e r im e n ta l resu lts . H o w ever th e y  a re  
a p p ro x im a te ly  f if ty  tim es  low er th a n  o th e r p u b lish ed  resu lts .
In  b o th  p o ly m e r in te rd iffu s io n  s tu d ies , th e  tra c e r  d iffus io n  coeffic ien ts  v a rie d  w ith  
te m p e ra tu re  in  accordance w ith  th e  Free V o lu m e  th eo ry . T h e y  fo llo w ed  th e  W L F
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e q u a tio n  a p p ro x im a te ly  in  th e  te m p e ra tu re  ran g e  T g <  T  <  T g +  60  a n d  th e  A rrh e ­
n ius  ty p e  e q u a tio n  a t  h ig h e r te m p e ra tu re s .
T h e  resu lts  p resen ted  in  th is  thesis show  th a t  R B S  a n d  N R A  are  p o w e rfu l to o ls  in  
p o ly m e r d iffu s io n  stud ies. B y  p ro v id in g  a c c u ra te  c o n c e n tra tio n  pro files  o f  th e  to p  
1 — 2 p m  laye r (u n d e r th e  e x p e r im e n ta l a rra n g e m e n ts  used) d iffu s io n  coeffic ients in  
th e  ran g e  o f 1 0 “ 18 — 10 “ u cm 2s“ l can  be d e te rm in e d . T h is  is id e a l fo r th e  s tu d y  o f  
p o ly m e r  d iffu s io n  a t  te m p e ra tu re s  u p  to  T g +  1 0 0 °C . H ig h e r d iffu s io n  coeffic ients  
can  be m easured  p ro v id e d  th e  v e ry  s h o rt a n n e a lin g  tim es  can  be a c c u ra te ly  d e te r­
m in e d  as in  th e  case o f D 2 T 2 .  B y  p ro v id in g  c o n c e n tra tio n  ag a in s t d e p th  p ro files  
these techn iques also have a  m a jo r  ad v a n ta g e  over o thers: d iffus io n  coeffic ients are  
m e a s u re d /c a lc u la te d  d ire c t ly  fro m  th e  p ro file  in s te a d  o f b e in g  o b ta in e d  in d ire c t ly  
fro m  o th e r m easu rem en ts  v ia  c a lc u la tio n s  w h ic h  depen d  on  so m etim es in a c c u ra te  
m odels .
T h e  w o rk  re p o rte d  in  th is  thesis a n d  o th e r re la te d  w o rk  c a rr ie d  o u t d u r in g  th e  sam e  
p e rio d , has led  to  a n u m b e r o f a rtic les :
1. S h e a rm u r, T .E .;  D re w , D .W .;  C lo u g h , A .S .;  van  d er G r in te n , M .G .D . ;  S la rk ,  
A .T .  “S tu d y  o f D y e  D iffu s io n  in  P o ly m e rs  using  R u th e r fo rd  B a c k s c a tte rin g ” , 
P o l y m e r , 3 7 , 2695 , (1 9 9 6 )
2 . S h e a rm u r, T .E .;  C lo u g h , A .S .;  D re w , D .W .;  van  d er G r in te n , M .G .D . ;  Jones, 
R .A .L .  “In te rd iffu s io n  o f L o w  M o le c u la r  W e ig h t d -P S  an d  P M M A ” , (s u b m it­
te d  to  M a c r o m o l e c u l e s )
3. S h e a rm u r, T .E . ;  C lo u g h , A .S .;  D re w , D .W .;  van  d er G r in te n , M .G .D . ;  Jones, 
R .A .L .  “In te rd iffu s io n  o f D e u te ra te d  a n d  P ro to n a te d  P M M A ” , (s u b m itte d  to  
P o l y m e r )
4. S h e a rm u r, T .E .;  C lo u g h , A .S .;  D re w , D .W .;  va n  d er G r in te n , M .G .D . ;  Jones, 
R .A .L .  “T e m p e ra tu re  D epen d ence  o f th e  M u tu a l D iffu s io n  C o e ffic ie n t o f d -P S  
and  P M M A ” , (s u b m itte d  to  P h y s i c a l  R e v i e w  L e t t e r s )
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5. van  d e r G r in te n , M .G .D . ;  C lo u g h , A .S .;  S h e a rm u r, T .E . ;  Jones, R .A .L .  “D e p th  
P ro fil in g  o f  P o ly m e rs  U s in g  N u c le a r  R e a c tio n  A n a ly s is ” , (accep ted  fo r p u b li­
c a tio n  in  S u r f a c e  a n d  I n t e r f a c e  A n a l y s i s )
6 . van  d er G r in te n , M .G .D . ;  C lo u g h , A .S .;  S h e a rm u r, T .E . ;  B o n g io v a n n i, R ,;  
P r io la , A . “S urface  S eg reg a tio n  o f  F lu o rin e -e n d e d  M o n o m e rs ” , (accep ted  fo r  
p u b lic a t io n  in  J .  C o l l .  I n t .  S c i . )
7 .  va n  d er G r in te n , M .G .D . ;  C lo u g h , A .S .;  S h e a rm u r, T .E . ;  Jones, R .A .L .  “T ra c e r  
D iffu s io n  o f P S /P a -M S  B len ds  s tu d ie d  b y  N u c le a r  R e a c tio n  A n a ly s is ” , (sub­
m it te d  to  P o l y m e r )
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